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Tdx k Ri Xi If CloB) KnH |
{ .01 1.873 Qo038 2 1213007 | 118.214
2 0015 3.1B84 0.078 2 $42.783 149104
3 002 4878 013§ 2 747623 1680.725
F‘I G 1 3 4 0.03 5.726 0.273 2 500.291 239,941
- 5 Q08 25.248 0.451 2 243.43 301,756
5 0.07 48.539 -0.022 2 42,650 103.774
7 01 87.855 -3.972 i 117.812 602.526
g 015 215.080 ~30.068 1 85312 1130954
] 02 360,073 —100.689 i 73.466 1600568
i0 03 580.608 ~405.715 i 47578 2495.367
k: COUPLING COEFFICIENT
1f: FLAG INFORMATION

L=301. 756pF
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FIG. 14 T C=243. 431pF
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Tdx Tk Ri Xi IF OlgE) D)
1 0.01 5.483 0.009 2 699.795 | 192.108
2 0015 11.105 -0.0%5 2 480410 | 255801
3 0.02 18.961 ~0.101 2 314566 | 300188
FIG. 19A = 003 | 41380 | 40 2 112201 | 245739
5 005 112.421 ~5.609 1 112.807 | 691.957
8 0.07 214511 | -37.280 1 83200 | 1156.639
7 o1 297045 | —143.867 1 67392 | 1798572
B 015 603.608 | —485.877 1 49313 | 2684830
5 02 570811 __| —B36.471 1 30408 | 3632954
10 03 538,672 | —1119.851 1 17118 | 5481725
k COUPLING COEFFIGIENT
I£ FLAG INFORMATION
Tix % B b T ) LoD
] 0.01 1.873 0.038 2 1213.087 | 118214
2 0015 3184 0.079 2 942783 | 148104
3 0.02 4.878 0138 2 747.623 1B0.726
FIG 1 gB 4 003 8.720 0.273 2 500.291 £39.941
. 5 0.05 25.248 0.451 2 243431 | 301756
4 0.07 48539 -0.022 2 42650 | _103.774
7 X! 97.855 3972 1 117912 | 600326
B 015 215080 | —30.089 1 95.312 | 1130954
9 02 360973 | ~100.680 3 79468 | 1600.568
10 03 559.608 | ~405.715 1 17578 | £485.367
k COUPLING COEFFICIENT
1f: FLAG INFORMATION
Tdx _k Ri Xi If [o1632) L{ntD
1 001 1.250 0.039 2 1535450 | 95.479
? 0.015 1.557 0.088 2 1371.241_| 10585
3 Q.02 1.088 157 2 1208.320 118.157
FIG ‘I 9 C 4 003 3218 0353 2 937388 | 146496
. 5 0.05 7160 0561 2 601.358_ | 203.482
8 0.07 13.089 1.528 2 412868 | 247.726
7 01 25 741 3.482 2 238670 | 264.384
8 015 57.078 5.438 1 107.850 | 242,053
P 0.2 101.288 7.895 1 132308__| 626,294
10 03 297048 —5,808 1 100389 | 1159976 )

k: COUPLING COEFFICIENT
If: FLAG INFORMATION
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VOLTAGE RL=10Q

I
/
I

GS:INCIDENT WAVE VOLTAGE
G6:REFLECTIVE WAVE VOLTAGE (k = 0.064)
G7:REFLECTIVE WAVE VOLTAGE (k = 0.08)
G8:REFLECTIVE WAVE VOLTAGE (k = 0.12)
G8:REFLEGTIVE WAVE VOLTAGE (k = 0.20)

FIG. 21A -

5.0y 5. Dduz FuGBue Foam

VOLTAG

20w

G10:INCIDENT WAVE VOLTAGE
G11:REFLECTIVE WAVE VOLTAGE (k = 0.084)
G12:REFLECTIVE WAVE VOLTAGE (k = 0.08)
G13:REFLECTIVE WAVE VOLTAGE (k =0.12)
G14:REFLECTIVE WAVE VOLTAGE (k = 0.20)

FIG. 21B
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TIME
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G15:INCIDENT WAVE VOLTAGE
G16: REFLECTIVE WAVE VOLTAGE (k = 0.064)
G17:REFLECTIVE WAVE VOLTAGE (k = 0.08)
G18:REFLECTIVE WAVE VOLTAGE (k =0.12)
G19:REFLECTIVE WAVE VOLTAGE (k = 0.20)

FIG. 21C
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VOLTAGE RL=10%

G20;INCIDENT WAVE VOLTAGE
G21:REFLECTIVE WAVE VOLTAGE (k = 0.064)
G22:REFLECTIVE WAVE VOLTAGE (k = 0.055)
G23:REFLECTIVE WAVE VOLTAGE (k = 0.04)
G24:REFLECTIVE WAVE VOLTAGE (k = 0.02)

FIG. 22A
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TIME
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G25:INCIDENT WAVE VOLTAGE
G26:REFLECTIVE WAVE VOLTAGE (k = 0.064)
G27:REFLECTIVE WAVE VOLTAGE (k = 0.055)
G28:REFLECTIVE WAVE VOLTAGE (k = 0.04)
G29:REFLECTIVE WAVE VOLTAGE (k = 0.02)

FIG. 22B
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G33:REFLECTIVE WAVE VOLTAGE (k = 0.04)
G34:REFLECTIVE WAVE VOLTAGE (k = 0.02)
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FIG. 26

FIRST FLOW : START

$101 Jy

SET SWITCH UNIT TO THROUGH CIRCUIT

5102 Jv

OUTPUT SMALL ELEGTRIC POWER FROM POWER
TRANSMISSION ANTENNA

5103 l

REQUEST ESTIMATION OF LOAD VALUE
TO POWER RECEPTION-SIDE DEVICE VIA GOMMUNICATION
CONTROL UNIT AGCORDING TO SECOND FLOW

S104
ESTIMATION OF LOAD
COMPLETED ?

S105

SELECT MATCHING CORRECTION AMOUNT TABLE
CORRESPCONDING TO LOAD VALUE

S106 ¢

START AUTOMATIC MATCHING PROCESS
ACGCORDING TQ THIRD FLOW

v

FIRST FLOW : END
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FIG. 27

SECOND FLOW : START

5201 l

MEASURE LOAD VOLTAGE & LOAD GURRENT

S202 L

CALCULATE ESTIMATED LOAD VALUE

US 9,484,881 B2

S203 l

SEND ESTIMATED LOAD VALUE TO POWER
TRANSMISSION-SIDE DEVICE VIA COMMUNIGATION
CONTROL UNIT

v

SECOND FLOW : END
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FIG. 28

C THIRD FLOW : START D

$301 3
CONNEST SWITCH GIRCUIT TO THROUGH GIRCUIT &
OUTRUT SMALL ELECTRIC POWER FROM POWER TRANSMISSION ANTENNA

$302 J
MEASURE ABSOLUTE VALUES OF
INCIDENT WAVE VOLTAGE & REFLECTIVE WAVE VOLTAGE
BY REFLEGTION GOEFFICIENT CALCULATION UNIT

CALGULATE REFLEGTION GOEFFIGIENT ABSOLUTE VALUE | T |

8303 *
I |

YES : NO NEED FOR MATCHING PROGESS

S304

[T} < | lthr

5305 NO : PERFORM MATCHING PROCESS

MEASURE PHASE DIFFERENGE &
BETWEEN INCIDENT WAVE VOLTAGE & REFLECTIVE WAVE VOLTAGE
BY PHASE DIFFERENCE CALCULATION / DETERMINATION UNIT

S306 J

CALCULATE COMPLEX REFLECTION COEFFICIENT I FROM
REFLECTION GQEFFIGIENT ABSOLUTE VALUE | T | & PHASE DIFFERENCE 8

S307 -
CONVERT COMPLEX REFLECTION COEFFICIENT T TO IMPEDANCE Zin

$308 J

SEARGH FOR & SELECT RCW NEAREST TO CALCULATED Zin
FROM MATCHING CORRECTION AMOUNT TABLE SELECTED IN FIRST FLOW
BY MEANS OF READOUT POSITION DETERMINATION UNIT

$309 3
DETERMINE MATCHING GIRCUIT TO BE USED
BASED ON FLLAG OF SELECTED ROW

S310 I

SET L & G OF SELECTED ROW AS CONTROL VALUE TO BE USED

S311 4

APPLY L & G TO SELECTED MATGHING CIRGUIT

$312 4

GONNEGT SWITCH UNIT TG MATGHING CIRCUIT TO BE USED

—

w
C THIRD FLOW : END D
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FIG. 29

CFOUF{TH FLOW : START)

F W §

b

38401 MEASURE ABSOLUTE VALUES OF
INCIDENT WAVE VOLTAGE & REFLECTIVE WAVE VOLTAGE

v

S402 | CALCULATE REFLEGTION GOEFFIGIENT ABSOLUTE VALUE T |

v

8403 YES : NO NEED FOR

MATCHING PROCESS

[T =217 | wr

NO : PERFORM MATCHING PROGESS

s404 IDENTIFY PHASE RELATIONSHIP BETWEEN INGIDENT
WAVE VOLTAGE & REFLECTIVE WAVE VOLTAGE

Yes No
EFLECTIVE WAVE BEHIND?
S408 §408
DETERMINE READOUT DIRECTION QF DETERMINE READOUT DIRECTION OF
MATCHING GORRECTION AMOUNT TABLE MATCHING GORRECTION AMOUNT TABLE
:DIRECTION THAT COUPLING STRENGTH BECOMES :DIRECTION THAT COUPLING STRENGTH BECOMES
STRONGER WEAKER
S407 ¥ $409 ¥

DETERMINE ADJUSTMENT STEP WIDTH

DETERMINE ADJUSTMENT STEP WIDTH
FOR READOUT IN ACGORDANGE WITH |T'|

FOR READOUT IN AGCORDANCE WITH ||

SFECIFY INDEX OF ROW TO BE READ OUT
8410 FROM ALREADY-SELECTED MATCHING CORREGTION AMOUNT TABLE
BASED ON READOUT DIRECTION & ADJUSTMENT STEP WIDTH

L

*READOUT © & L FROM ROW CORRESPONDING TO SPEGIFIED INDEX &
S4711 [SETIT TO SELECTED MATCHING CIRCUIT

-SWITGH STATE OF SWITGH UNIT IF NECESSARY
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FIG. 31
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COUPLING COEFFICIENT k
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0.0
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DISTANCE ON CENTIMETER SCALE
BETWEEN POWER TRANSMISSICN ANTENNA & POWER RECEPTION ANTENNA
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Tdx RL Ri X i C L

t 10 214511 | -37.280 1 93200 | 1138839

2 15 150340 | ~17.050 1 106.302__|_879.062

3 20 | 115540 | -9.208 1 118274 | 707.650

4 30 78.987 -3.268 1 112143 | 468.084

FIG. 32 5 50 48,539 -0.022 2 42,650 _ | 103.774
. 8 70 35178 0918 2 159,584 | 268.409

7 100 25.040 1.435 2 245462 | 289678

8 150 17.087 1,723 2 341.218 | 270344

9 200 13,089 1.928 2 412869 | 247726

i0 500 9.076 1.907 2 522059 | 213,467

11 500 5.856 1.952 2 675.026 | 173.649

RL: LOAD

If:FLAG INFORMATION

L=289. 678pF
- Al T Tl e |

FIG. 33 ._
& C=245. 462pF
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1dx RL Ri X it G C
1 10 41.380 -1.104 2 112211 | 245739 |
2 15 2B.784 -035% 2 211.078 | 308.186
3 20 20176 -0073 2 275388 _ | 308247
4 30 15.350 0148 2 368376 | 281683
FIG 3 4 A 5 50 9726 0273 2 500201 | 230.941
- 8 70 7.270 0311 2 596.086 | 212337
7 100 5409 0333 2 705,857 | 196815
8 150 3.951 0347 2 839357 | 161543
5 200 3218 03538 2 537.398_ | 145496
10 300 2,483 0357 2 1075562 | 129130
11 500 1.883 0360 2 1239454 | 112875
RL: LOAD
1: FLAG INFORMATION
Tdx AL /i Xi ¥ c {
1 10 214.511 ~37.280 1 93200 | 1136.639
2 i5 150340 | —17.050 1 106302 | _079.068
3 20 115540 | -9.228 1 118274 | 707.650
4 30 78.567 -3.268 1 112148 | 463.084
5 50 46539 -0,008 2 42650 | 103774
FIG 34B 8 70 35178 0516 2 159504 | 269.408
7 100 £5.040 1.495 2 245462 | 289878
8 150 17,087 1.723 2 341219 | 270344
9 200 13.088 1.828 2 412868 | 247.726
ig 300 9.076 1.907 2 522050 | 213.467
11 500 5.856 1.952 2 675026 | 173648
RL: LOAD
IF: FLAG INFORMATION
Tdx RL R X i ¥ c 1
1 i0 503,600 | ~495877 i 43313 | 2694830
2 15 530050 | -286.238 1 53625 | 2208607
3 20 451034 | ~109108 i 62126 | 1905032
4 30 335065 | -B0B7H 3 75.784__| 1529736
5 50 215080 | —30.069 1 95312 | 1130854
FIG 340 6 70 157202 | -11.535 1 108630 | 903538
7 100 111,760 | 1953 1 121012 | 693489
8 150 75444 4410 1 125015 | 440678
3 200 57.028 4.438 i 107,850 | 242053
10 300 38 468 7915 2 134601 | 161508
11 500 23.537 09,695 2 260687 | 199912
RL: LOAD

If: FLAG INFORMATION
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GO0:INCIDENT WAVE VOLTAGE
G51:REFLECTIVE WAVE VOLTAGE (RL=50Q)
G52: REFLECTIVE WAVE VOLTAGE (RL=100Q)
G53: REFLECTIVE WAVE VOLTAGE (RL=200Q)
G54 :REFLECTIVE WAVE VOLTAGE (RL=400Q)

G55:INCIDENT WAVE VOLTAGE
G&6:REFLECTIVE WAVE VOLTAGE (RL=509Q)
G57:REFLECTIVE WAVE VOLTAGE (RL=100Q)
GH8:REFLECTIVE WAVE VOLTAGE (RL=200¢})
G59: REFLECTIVE WAVE VOLTAGE (RL=400Q)

G60: INCIDENT WAVE VOLTAGE
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FIG. 41

FIFTH FLOW : START

S501 l

MEASURE DISTANCE BETWEEN POWER TRANSMISSION ANTENNA
& POWER RECEPTION ANTENNA BY DISTANCE SENSOR

S502 l

ESTIMATE COUPLING COEFFICIENT FROM MEASURED DISTANCE

8503 l

SELECT MATCHING CCRRECTION AMOUNT TABLE
CORRESPONDING TO COUPLING COEFFICIENT

8504 ¢

START AUTOMATIC MATCHING PROCESS
ACCORDING TO SIXTH FLOW

!

FIFTH FLOW : END
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FIG. 42

SIXTH FLOW : START )

5601 i

CONNECT SWITCH UNIT TO THROUGH CIRGULT &
QUTPUT SMALL ELECTRIC POWER FROM POWER TRANSMISSION ANTENNA

S602 3

MEASURE ABSOLUTE YALUES OF
INGIDENT WAVE VOLTAGE & REFLECTIVE WAVE VOLTAGE
B8Y REFLECTION COEFFICIENT CALCULATION UNIT

S603 3
CALCULATE REFLECTION COEFFICIENT ABSOLUTE VALUE | |—| J

S604 YES : NO NEED FOR MATCHING PROCESS

8605 NO : PERFORM MATCHING PROCESS

MEASURE PHASE DIFFERENCE 6
BETWEEN INCIDENT WAVE VOLTAGE & REFLECTIVE WAVE VOLTAGE
BY PHASE DIFFERENCE CALCULATION UNIT

S606 J

CALCULATE COMPLEX REFLECTION COEFFICIENT [T FROM
REFLECTION COEFFIGIENT ABSOLUTE VALUE || & PHASE DIFFERENCE &

S607 3

CONVERT COMPLEX REFLECTICN COEFFICIENT [T TO IMPEDANCE Zin

S608 3

SEARCH & SELECT ROW NEAREST TO CALCULATED Zin IN MATCHING
CORRECTION AMOUNT TABLE SELECTED IN FOURTH FLOW
BY MEANS OF READOUT POSITION DETERMINATION UNIT

S609 3

DETERMINE MATCHING CIRCUIT TO BE USED
BASED ON FLAG OF SELECTED ROW

S610 d

DETERMINE L & G OF SELECTED ROW AS CONTROL VALUE TO BE USED

S611 +

SET L & C TO SELECTED MATCHING CIRCUIT

S612 ‘L

CONNECT SWITCH UNIT TG MATCHING CIRCUIT TO BE USED

Lt
w

( SIXTH FLOW : END >
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FIG. 43
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DETERMINE READOUT DIRECTION OF
MATCHING CORRECTION AMOUNT TABLE
:DIRECTION THAT LOAD BECOMES SMALLER

| S709 ]

DETERMINE ADJUSTMENT STEP WIDTH DETERMINE ADJUSTMENT STEP WIDTH
FOR READOUT IN ACGORDANGE WITH || FOR READOUT IN ACCORDANGE WITH ||

I |
]

S710 SPECIFY INDEX OF ROW TO BE READ OUT FROM
ALREADY-SELECTED MATGHING CORRECTIOM AMOUNT TABLE
BASED ON READOUT DIRECTION & ADJUSTMENT STEP WIDTH

!

*READOUT G & L FROM ROW CORRESPONDING TO SPECIFIED INDEX &

S711 |SETIT TO SELEGTED MATCHING CIRCUIT
*SWITCH STATE OF SWITCH UNIT IF NECESSARY

DETERMINE READOUT DIRECTION CF
MATCHING CORRECTION AMOUNT TABLE
:DIRECTION THAT LOAD BECOMES LARGER
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1
IMPEDANCE MATCHING DEVICE AND
CONTROL METHOD

TECHNICAL FIELD

The present invention relates to an impedance matching
device useful for a wireless contactless electric power trans-
mission system, especially a wireless electric power trans-
mission system based on the principle of electromagnetic
field resonance coupling (also referred to as magnetic field
resonance or electric field resonance).

BACKGROUND TECHNIQUE

In recent years, a wireless contactless electric power
transmission technology is beginning to be used. In house-
holds, a contactless charger for charging small devices used
near a sink such as an electric toothbrush and a shaver, and
for charging portable devices such as a cell phone is gaining
in popularity. Regarding electric vehicles, a system in which
a vehicle stopping at a parking area or a bus stop is fed or
charged from under the body by a contactless power feeding
device has already been in practical use.

Electric power transmission technologies by radio (elec-
tromagnetic wave) are classified into three major modes
which are an electromagnetic induction mode, an electro-
magnetic field resonance coupling mode, and a microwave
electric power transmission mode. Among them, the most
widespread mode used in home appliances, industrial
machinery and electric vehicles is the electromagnetic
induction mode, which has already been turned into com-
mercial realities compatible with a wide range of electric
power from a small electric power such as several watts to
a large electric power such as dozens of kilowatts. However,
unfortunately, the electromagnetic induction mode needs to
narrow an interval (air gap, hereinafter also referred to as
“gap”) between a coil (primary side coil) on the electric
power transmission side and a coil (secondary side coil) on
the electric power reception side to a minimum, and it is
vulnerable to positional misalignment between the transmis-
sion-side coil and the reception-side coil. These problems
limit the fields to which it can be applied. As a system
adopting the microwave electric power transmission mode,
a SPS (Solar Power Satellite) system is under study. The SPS
system sends electric power generated by solar array panels
provided at an artificial satellite to a reception antenna on the
ground by use of electric wave whose beam width is
extremely narrowed. The SPS system needs, however, a
large scale facility. For use in electric vehicles, an experi-
mental production in which a waveguide slot antenna is used
as a transmission unit and a combination of a patch antenna
and a rectifier are used as a reception unit has also been
reported, but it has such a problem that its efficiency is low
at present.

Meanwhile, a wireless electric power transmission using
the electromagnetic field resonance coupling mode is gain-
ing attention in recent years (see Non-Patent Reference-1,
Non-Patent Reference-2 and Patent Reference 1, for
example). This mode has advantages that it allows the gap
between the transmission antenna and the reception antenna
to be wide (from dozens of centimeters to several meters),
and that it is robust over the positional misalignment. Thus,
it is expected to be applied to various fields such as home
appliances, industrial machinery and electric vehicles. In
addition, great expectations are placed on the electromag-
netic field resonance coupling mode regarding wireless
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supply of electric power to a moving body which cannot be
achieved by the electromagnetic induction mode.

In Patent Reference-3, there is disclosed a technique for
controlling impedance based on the distance between anten-
nas or the load thereof. Non-Patent Reference-3 discloses
the availability of the magnetic field resonance mode, and
Non-Patent Reference-4 discloses reasonability of a series
parallel equivalent circuit as a model of an electric power
transmission antenna and/or an electric power reception
antenna based on electromagnetic field resonance mode. In
addition, the applicant has filed undisclosed applications of
the international application numbers “PCT/JP2010/
063569 and “PCT/JP2010/063570” which are relevant to
this application.

Patent Reference-1: Japanese Patent Application Laid-
open under No. 2009-501510

Patent Reference-2: Japanese Patent No. 4225953

Patent Reference-3: Japanese Patent Application Laid-
open under No. 2010-141976

Non-Patent Reference-1: A. Kurs and A. Karalis, et al.
“Wireless Power Transfer via Strongly Coupled Magnetic
Resonances”, Science, Vol. 317, 6 Jul. 2007

Non-Patent Reference-2: Imura and Hori, “Transmission
Technology Using Electromagnetic Field Resonance Cou-
pling”, IEEJ Journal, Vol. 129, Vo. 7, 2009

Non-Patent Reference-3: Imura, Okabe, Uchida and Hori,
“Wireless Electric Power Transmission Resistant to Posi-
tional Misalignment Using Electromagnetic Field Coupling
During Resonance”, The Institute of Electrical Engineers of
Japan, Industrial Application Branch, Vol. 130-1, 2010, p. 78
to 83

Non-Patent Reference-4: Kurata and Kawamura,
“Research Relating to High Efficiency of Contactless Power
Feeding Using Magnetic Coupling Equivalent Circuit”, The
Institute of Electrical Engineers of Japan, Paper of Industrial
Instrumentation Control Conference, IIC-10-15

DISCLOSURE OF INVENTION
Problem to be Solved by the Invention

A wireless electric power transmission system based on
the electromagnetic resonance mode (electromagnetic field
resonance coupling) has following two characteristics: (A)
along with the change of the coupling state between the
power transmission antenna and the power reception
antenna, the value of input impedance at the edge of the
power transmission antenna varies, and (B) along with the
change of the value of load connected on the side of the
power reception antenna, the value of input impedance at the
edge of the power transmission antenna also varies. Thus, if
the above-mentioned coupling state or the value of the load
varies, there occurs a mismatch between the output imped-
ance of the power transmission circuit (power source) and
the impedance at the input-side edge of the power transmis-
sion antenna. As a result, this leads to generation of reflec-
tion loss and deterioration of transmission efficiency. Gen-
erally, an impedance matching circuit is used for suppressing
the reflection loss due to the mismatch of the impedance.
However, there is no impedance matching circuit capable of
efficiently and promptly dealing with the variation of the
input impedance peculiar to the electromagnetic resonance
mode.

The above is an example of the problem to be solved by
the present invention. An object of the present invention is
to provide an impedance matching device capable of con-
tinuously keeping the matching state even when the mis-
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match of the impedance is caused by the variation of the load
value or the variation of the coupling state between the
power transmission antenna and the power reception
antenna after once having the impedance matched in pre-
determined conditions.

Means for Solving the Problem

One invention is an impedance matching device included
in a wireless electric power transmission system transmitting
electric power by coupling a power transmission antenna
with a power reception antenna through an electromagnetic
field, the impedance matching device being provided
between a power transmission circuit and the power trans-
mission antenna, the impedance matching device including:
an incident-wave/reflective-wave extraction unit configured
to extract incident wave voltage corresponding to an output
signal from the power transmission circuit and reflective
wave voltage corresponding to a signal reflected from the
power transmission antenna; a phase determination unit
configured to compare a phase of the incident wave voltage
to a phase of the reflective wave voltage to determine which
one of the phases is behind or ahead of the other phase; a first
matching circuit configured to include a variable inductor
element and a variable capacitor element, the variable induc-
tor element being connected in series between the power
transmission circuit and the power transmission antenna, the
variable capacitor element being connected in parallel closer
to the power transmission antenna than the variable inductor
element; a second matching circuit configured to include a
variable inductor element and a variable capacitor element,
the variable inductor element being connected in series
between the power transmission circuit and the power
transmission antenna, the variable capacitor element being
connected in parallel closer to the power transmission circuit
than the variable inductor element; a through circuit con-
nected in series between the power transmission circuit and
the power transmission antenna; a load value estimation unit
configured to estimate a value of a load of a circuit in which
the transmitted electric power is consumed, the circuit being
connected to the power reception antenna; a storage unit
configured to store tables each associated with the value of
the load, each of the tables previously storing control values
in ascending or descending order of a coupling coeflicient
corresponding thereto between the power transmission
antenna and the power reception antenna, each of the control
values corresponding to an inductance value and a capaci-
tance value each needed for matching to a predetermined
impedance value by use of the first matching circuit or the
second matching circuit; a selection unit configured to select
one of the tables corresponding to the value of the load
estimated by the load value estimation unit; an adjustment
direction determination unit configured to determine, on a
basis of the determination by the phase determination unit,
a direction of a position for reading out one of the control
values from the selected table, the direction indicating
whether to select a control value corresponding to a larger
coupling coeflicient than the coupling coefficient corre-
sponding to the present control value or to select a control
value corresponding to a smaller coupling coefficient than
the coupling coefficient corresponding to the present control
value; a readout position determination unit configured to
determine the position for reading out the control value from
the selected table based on the direction and a predetermined
step width for shifting the position for reading out the
control value; a circuit selection unit configured to electri-
cally connect one of the first matching circuit, the second
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matching circuit and the through circuit based on the deter-
mined position; and a control value output unit configured to
output the control value at the determined position to the
circuit selected by the circuit selection unit.

Another invention is an impedance matching device
included in a wireless electric power transmission system
transmitting electric power by coupling a power transmis-
sion antenna with a power reception antenna through an
electromagnetic field, the impedance matching device being
provided between a power transmission circuit and the
power transmission antenna, the impedance matching device
including: an incident-wave/reflective-wave extraction unit
configured to extract incident wave voltage corresponding to
an output signal from the power transmission circuit and
reflective wave voltage corresponding to a signal reflected
from the power transmission antenna; a phase determination
unit configured to compare a phase of the incident wave
voltage to a phase of the reflective wave voltage to deter-
mine which one of the phases is behind or ahead of the other
phase; a first matching circuit configured to include a
variable inductor element and a variable capacitor element,
the variable inductor element being connected in series
between the power transmission circuit and the power
transmission antenna, the variable capacitor element being
connected in parallel closer to the power transmission
antenna than the variable inductor element; a second match-
ing circuit configured to include a variable inductor element
and a variable capacitor element, the variable inductor
element being connected in series between the power trans-
mission circuit and the power transmission antenna, the
variable capacitor element being connected in parallel closer
to the power transmission circuit than the variable inductor
element; a through circuit connected in series between the
power transmission circuit and the power transmission
antenna; a coupling coeflicient estimation unit configured to
estimate a coupling coeflicient between the power transmis-
sion antenna and the power reception antenna; a storage unit
configured to store tables each associated with the coupling
coeflicient, each of the tables previously storing control
values in ascending or descending order of a value of a load
of a circuit corresponding thereto, each of the control values
corresponding to an inductance value and a capacitance
value each needed for matching to a predetermined imped-
ance value by use of the first matching circuit or the second
matching circuit, the circuit being connected to the power
reception antenna and consuming the transmitted electric
power; a selection unit configured to select one of the tables
corresponding to the coupling coefficient estimated by the
coupling coeflicient estimation unit; an adjustment direction
determination unit configured to determine, on a basis of the
determination by the phase determination unit, a direction of
a position for reading out one of the control values from the
selected table, the direction indicating whether to select a
control value corresponding to a larger value of the load than
the value of the load corresponding to the present control
value or to select a control value corresponding to a smaller
value of the load than the value of the load corresponding to
the present control value; a readout position determination
unit configured to determine the position for reading out the
control value from the selected table based on the direction
and a predetermined step width for shifting the position for
reading out the control value; a circuit selection unit con-
figured to electrically connect one of the first matching
circuit, the second matching circuit and the through circuit
based on the determined position; and a control value output
unit configured to output the control value at the determined
position to the circuit selected by the circuit selection unit.



US 9,484,881 B2

5

Another invention is a control method executed by an
impedance matching device included in a wireless electric
power transmission system transmitting electric power by
coupling a power transmission antenna with a power recep-
tion antenna through an electromagnetic field, the imped-
ance matching device being provided between a power
transmission circuit and the power transmission antenna, the
impedance matching device including: a first matching
circuit configured to include a variable inductor element and
a variable capacitor element, the variable inductor element
being connected in series between the power transmission
circuit and the power transmission antenna, the variable
capacitor element being connected in parallel closer to the
power transmission antenna than the variable inductor ele-
ment; a second matching circuit configured to include a
variable inductor element and a variable capacitor element,
the variable inductor element being connected in series
between the power transmission circuit and the power
transmission antenna, the variable capacitor element being
connected in parallel closer to the power transmission circuit
than the variable inductor element; a through circuit con-
nected in series between the power transmission circuit and
the power transmission antenna; and a storage unit config-
ured to store tables each associated with a value of a load of
a circuit, each of the tables previously storing control values
in ascending or descending order of a coupling coeflicient
corresponding thereto between the power transmission
antenna and the power reception antenna, each of the control
values corresponding to an inductance value and a capaci-
tance value each needed for matching to a predetermined
impedance value by use of the first matching circuit or the
second matching circuit, the circuit being connected to the
power reception antenna and consuming the transmitted
electric power; the control method including: an incident-
wave/reflective-wave extraction process for extracting inci-
dent wave voltage corresponding to an output signal from
the power transmission circuit and reflective wave voltage
corresponding to a signal reflected from the power trans-
mission antenna; a phase determination process for compar-
ing a phase of the incident wave voltage to a phase of the
reflective wave voltage to determine which one of the phases
is behind or ahead of the other phase; a load value estimation
process for estimating the value of the load; a selection
process for selecting one of the tables corresponding to the
value of the load estimated through the load value estimation
process; an adjustment direction determination process for
determining, on a basis of the determination through the
phase determination process, a direction of a position for
reading out one of the control values from the selected table,
the direction indicating whether to select a control value
corresponding to a larger coupling coefficient than the
coupling coefficient corresponding to the present control
value or to select a control value corresponding to a smaller
coupling coeflicient than the coupling coefficient corre-
sponding to the present control value; a readout position
determination process for determining the position for read-
ing out the control value from the selected table based on the
direction and a predetermined step width for shifting the
position for reading out the control value; a circuit selection
process for electrically connecting one of the first matching
circuit, the second matching circuit and the through circuit
based on the determined position; and a control value output
process for outputting the control value at the determined
position to the circuit selected through the circuit selection
process.

Another invention is a control method executed by an
impedance matching device included in a wireless electric
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power transmission system transmitting electric power by
coupling a power transmission antenna with a power recep-
tion antenna through an electromagnetic field, the imped-
ance matching device being provided between a power
transmission circuit and the power transmission antenna, the
impedance matching device including: a first matching
circuit configured to include a variable inductor element and
a variable capacitor element, the variable inductor element
being connected in series between the power transmission
circuit and the power transmission antenna, the variable
capacitor element being connected in parallel closer to the
power transmission antenna than the variable inductor ele-
ment; a second matching circuit configured to include a
variable inductor element and a variable capacitor element,
the variable inductor element being connected in series
between the power transmission circuit and the power
transmission antenna, the variable capacitor element being
connected in parallel closer to the power transmission circuit
than the variable inductor element; a through circuit con-
nected in series between the power transmission circuit and
the power transmission antenna; and a storage unit config-
ured to store tables each associated with a coupling coeffi-
cient between the power transmission antenna and the power
reception antenna, each of the tables previously storing
control values in ascending or descending order of a value
of a load of a circuit corresponding thereto, each of the
control values corresponding to an inductance value and a
capacitance value each needed for matching to a predeter-
mined impedance value by use of the first matching circuit
or the second matching circuit, the circuit being connected
to the power reception antenna and consuming the trans-
mitted electric power; the control method including: an
incident-wave/reflective-wave  extraction process for
extracting incident wave voltage corresponding to an output
signal from the power transmission circuit and reflective
wave voltage corresponding to a signal reflected from the
power transmission antenna; a phase determination process
for comparing a phase of the incident wave voltage to a
phase of the reflective wave voltage to determine which one
of the phases is behind or ahead of the other phase; a
coupling coefficient estimation process for estimating the
coupling coeflicient; a selection process for selecting one of
the tables corresponding to the coupling coefficient esti-
mated through the coupling coeflicient estimation process;
an adjustment direction determination process for determin-
ing, on a basis of the determination through the phase
determination process, a direction of a position for reading
out one of the control values from the selected table, the
direction indicating whether to select a control value corre-
sponding to a larger value of the load than the value of the
load corresponding to the present control value or to select
a control value corresponding to a smaller value of the load
than the value of the load corresponding to the present
control value; a readout position determination process for
determining the position for reading out the control value
from the selected table based on the direction and a prede-
termined step width for shifting the position for reading out
the control value; a circuit selection process for electrically
connecting one of the first matching circuit, the second
matching circuit and the through circuit based on the deter-
mined position; and a control value output process for
outputting the control value at the determined position to the
circuit selected through the circuit selection process.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates an example of a power transmission/
reception antenna based on the electromagnetic resonance
mode.
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FIG. 2 illustrates a series parallel equivalent circuit hav-
ing a capacitor connected in parallel with the serial reso-
nance circuit.

FIG. 3 illustrates an electric power transmission system in
which the power transmission antenna and the power recep-
tion antenna are arranged to face each other.

FIG. 4 is an example of the electric power transmission
system expressed by use of a series parallel equivalent
circuit.

FIGS. 5A to 5C each illustrates a Smith chart in which a
locus of the input impedance is plotted, wherein the coupling
coeflicient between the power transmission antenna and the
power reception antenna is changed within the range of
“0.311 to 0.021” while the load value is fixed.

FIGS. 6A to 6C each illustrates a Smith chart in which a
locus of the input impedance is plotted, wherein the load
value is changed within the range of “5€2” to “500€2” while
the coupling coefficient k between the power transmission
antenna and the power reception antenna is fixed.

FIG. 7 illustrates a graph of the ratio of electric power
supplied to the power transmission antenna to electric power
supplied from the power source.

FIG. 8 illustrates a matching circuit for matching the input
impedance at the edge of the power transmission antenna to
“50Q”.

FIG. 9 illustrates a graph of the ratio of the electric power
supplied to the power transmission antenna 3 to the electric
power supplied from the power source 20 in a state that the
matching circuit illustrated in FIG. 8 is added.

FIG. 10A indicates the ratio of the electric power supplied
to the power transmission antenna to the electric power
supplied from the power source in the case that the load
value falls to “10£2” while the coupling coefficient remains
“0.1” in the matching state illustrated in FIG. 9. FIG. 10B
indicates the ratio of the electric power supplied to the power
transmission antenna to the electric power supplied from the
power source in the case that the load value has increased to
“2009Q” while the coupling coefficient k remains “0.1” in the
matching state illustrated in FIG. 9.

FIG. 11 A indicates the ratio of the electric power supplied
to the power transmission antenna to the electric power
supplied from the power source in the case that the load
value remains “50Q” while the coupling coefficient falls to
“0.05” in the matching state illustrated in FIG. 9. FIG. 11B
indicates the ratio of the electric power supplied to the power
transmission antenna to the electric power supplied from the
power source in the case that the load value remains “50Q”
while the coupling coefficient has increased to “0.15” in the
matching state illustrated in FIG. 9.

FIG. 12 is a schematic configuration of the electric power
transmission system according to the first embodiment.

FIG. 13 indicates an example of the matching correction
amount table according to the first embodiment.

FIG. 14 illustrates an example of a matching circuit
suitable for the embodiment.

FIGS. 15A and 15B indicate Smith charts each of which
is divided into two major areas, the area A and the area B.

FIGS. 16A and 16B each indicates an example of moving
the impedance from each point on the impedance locus
existing in the area A or the area B to the matching point.

FIG. 17A is an example of the first mode matching circuit.

FIG. 17B is an example of the second mode matching
circuit.

FIGS. 18A and 18B each is a diagram schematically
indicating the approach for calculating the correction
amounts by theoretic calculation.
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FIGS. 19A to 19C each illustrates a matching correction
amount table according to the first embodiment.

FIGS. 20 A and 20B illustrate examples of the reduction
of' the reflection loss through the execution of the impedance
matching process with reference to the matching correction
amount table.

FIGS. 21A to 21C each illustrates a graph indicating the
relationship between the waveform of the incident wave
voltage and the waveform of the reflective wave voltage in
the case that the coupling strength shifts toward the direction
where the coupling strength is strengthened.

FIGS. 22A to 22C each illustrates the relationship
between the waveform of the incident wave voltage and the
waveform of the reflective wave voltage in the case that the
coupling strength shifts toward the direction where the
coupling strength is weakened.

FIG. 23A indicates a graph of “1-IS,,1*” just after the
matching process in a state that the coupling coefficient is
“0.064”. FIG. 23B indicates graphs of the waveform of the
incident wave voltage and the waveform of the reflective
wave voltage at the drive frequency in the case of FIG. 23A.

FIG. 24A indicates a graph of “1-IS,,1>” in a state that the
coupling coefficient varies from “0.064” to “0.1” after the
matching process. FIG. 24B indicates graphs of the wave-
form of the incident wave voltage and the waveform of the
reflective wave voltage at the drive frequency in the case of
FIG. 24A.

FIG. 25A indicates a graph of the value “1-IS,,1>” after
execution of the matching-state tracking operation. FIG.
25B indicates graphs of the waveform of the incident wave
voltage and the waveform of the reflective wave voltage at
the drive frequency in the case of FIG. 25A.

FIG. 26 is a flowchart indicating a procedure of the
process of the first flow according to the first embodiment.

FIG. 27 is a flowchart indicating a procedure of the
process of the second flow according to the first embodi-
ment.

FIG. 28 is a flowchart indicating a procedure of the
process of the third flow according to the first embodiment.

FIG. 29 is a flowchart indicating a procedure of the
process of the fourth flow according to the first embodiment.

FIG. 30 illustrates the schematic configuration of the
electric power transmission system according to the second
embodiment.

FIG. 31 illustrates a graph indicating the relationship of
the coupling coefficient with the distance between the power
transmission antenna and the power reception antenna.

FIG. 32 illustrates an example of the matching correction
amount table corresponding to the coupling coeflicient
“0.07”.

FIG. 33 indicates a matching circuit suitable for the
second embodiment.

FIGS. 34A to 34C each illustrates a matching correction
amount table according to the second embodiment prepared
through theoretic calculation.

FIGS. 35A and 35B illustrate examples of the reduction of
the reflection loss through the execution of the impedance
matching process with reference to the matching correction
amount table.

FIGS. 36A to 36C each illustrates a graph indicating the
relationship between the waveform of the incident wave
voltage and the waveform of the reflective wave voltage in
the case that the load value shifts toward the direction where
the load value becomes larger.

FIGS. 37A to 37C each illustrates the relationship
between the waveform of the incident wave voltage and the
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waveform of the reflective wave voltage in the case that the
load value shifts toward the direction where the load value
becomes smaller.

FIG. 38A indicates a graph of “1-IS,,1*” just after the
matching process in a state that the load value is “30Q”.
FIG. 38B indicates graphs of the waveform of the incident
wave voltage and the waveform of the reflective wave
voltage at the drive frequency in the case of FIG. 38A.

FIG. 39A indicates a graph of “1-IS,1*” in a state that the
load value varies from “30Q” to “10Q” after the matching.
FIG. 39B indicates graphs of the waveform of the incident
wave voltage and the waveform of the reflective wave
voltage at the drive frequency in the case of FIG. 39A.

FIG. 40A indicates a graph of “1-IS,1*” after execution
of the matching-state tracking operation. FIG. 40B indicates
graphs of the waveform of the incident wave voltage and the
waveform of the reflective wave voltage at the drive fre-
quency in the case of FIG. 40A.

FIG. 41 is a flowchart indicating a procedure of the
process of the fifth flow according to the second embodi-
ment.

FIG. 42 is a flowchart indicating a procedure of the
process of the sixth flow according to the second embodi-
ment.

FIG. 43 is a flowchart indicating a procedure of the
process of the seventh flow according to the second embodi-
ment.

FIGS. 44A and 44B illustrate matching circuits according
to the modification.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

According to a preferable embodiment of the present
invention, there is provided an impedance matching device
included in a wireless electric power transmission system
transmitting electric power by coupling a power transmis-
sion antenna with a power reception antenna through an
electromagnetic field, the impedance matching device being
provided between a power transmission circuit and the
power transmission antenna, the impedance matching device
including: an incident-wave/reflective-wave extraction unit
configured to extract incident wave voltage corresponding to
an output signal from the power transmission circuit and
reflective wave voltage corresponding to a signal reflected
from the power transmission antenna; a phase determination
unit configured to compare a phase of the incident wave
voltage to a phase of the reflective wave voltage to deter-
mine which one of the phases is behind or ahead of the other
phase; a first matching circuit configured to include a
variable inductor element and a variable capacitor element,
the variable inductor element being connected in series
between the power transmission circuit and the power
transmission antenna, the variable capacitor element being
connected in parallel closer to the power transmission
antenna than the variable inductor element; a second match-
ing circuit configured to include a variable inductor element
and a variable capacitor element, the variable inductor
element being connected in series between the power trans-
mission circuit and the power transmission antenna, the
variable capacitor element being connected in parallel closer
to the power transmission circuit than the variable inductor
element; a through circuit connected in series between the
power transmission circuit and the power transmission
antenna; a load value estimation unit configured to estimate
a value of a load of a circuit in which the transmitted electric
power is consumed, the circuit being connected to the power
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reception antenna; a storage unit configured to store tables
each associated with the value of the load, each of the tables
previously storing control values in ascending or descending
order of a coupling coefficient corresponding thereto
between the power transmission antenna and the power
reception antenna, each of the control values corresponding
to an inductance value and a capacitance value each needed
for matching to a predetermined impedance value by use of
the first matching circuit or the second matching circuit; a
selection unit configured to select one of the tables corre-
sponding to the value of the load estimated by the load value
estimation unit; an adjustment direction determination unit
configured to determine, on a basis of the determination by
the phase determination unit, a direction of a position for
reading out one of the control values from the selected table,
the direction indicating whether to select a control value
corresponding to a larger coupling coefficient than the
coupling coefficient corresponding to the present control
value or to select a control value corresponding to a smaller
coupling coeflicient than the coupling coefficient corre-
sponding to the present control value; a readout position
determination unit configured to determine the position for
reading out the control value from the selected table based
on the direction and a predetermined step width for shifting
the position for reading out the control value; a circuit
selection unit configured to electrically connect one of the
first matching circuit, the second matching circuit and the
through circuit based on the determined position; and a
control value output unit configured to output the control
value at the determined position to the circuit selected by the
circuit selection unit.

The above-mentioned impedance matching device is pro-
vided between a power transmission circuit and a power
transmission antenna in a wireless electric power transmis-
sion system transmitting electric power by coupling the
power transmission antenna with a power reception antenna
through an electromagnetic field. The impedance matching
device includes a first matching circuit, a second matching
circuit, a storage unit, a through circuit, an incident-wave/
reflective-wave extraction unit, a phase determination unit,
a load value estimation unit, a selection unit, an adjustment
direction determination unit, a readout position determina-
tion unit, a circuit selection unit and a control value output
unit. The storage unit stores tables each associated with the
value of the load, each of the tables previously storing
control values in ascending or descending order of a cou-
pling coeficient corresponding thereto between the power
transmission antenna and the power reception antenna, each
of the control values corresponding to an inductance value
and a capacitance value each needed for matching to a
predetermined impedance value by use of the first matching
circuit or the second matching circuit. Namely, the storage
unit stores tables each associated with a load value, and each
of the tables stores control values in ascending or descend-
ing order of a coupling coeflicient between the power
transmission antenna and the power reception antenna. In
addition to an inductance value and a capacitance value,
examples of the “control value” herein also include a control
voltage value for changing an inductance value and a
capacitance value by electric means or by some mechanism
such as a motor, and bit patterns for controlling the on/off
state of a switch unit such as a MEMS (Micro Electro
Mechanical System) and a relay included in a LC network
circuit having a plurality of micro inductor elements and
micro capacitor elements. The term“storing control values in
ascending or descending order of a coupling coefficient”
herein indicates storing control values in order of increasing
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or decreasing the coupling coefficient corresponding to each
of the control values. The incident-wave/reflective-wave
extraction unit extracts incident wave voltage corresponding
to an output signal from the power transmission circuit and
reflective wave voltage corresponding to a signal reflected
from the power transmission antenna. The phase determi-
nation unit compares a phase of the incident wave voltage to
a phase of the reflective wave voltage to determine which
one of the phases is behind or ahead of the other phase. The
load value estimation unit estimates a value of a load of a
circuit in which the transmitted electric power is consumed,
the circuit being connected to the power reception antenna.
The selection unit selects one of the tables corresponding to
the value of the load estimated by the load value estimation
unit. The adjustment direction determination unit deter-
mines, on a basis of the determination by the phase deter-
mination unit, a direction of a position for reading out one
of the control values from the selected table, the direction
indicating whether to select a control value corresponding to
a larger coupling coefficient than the coupling coeflicient
corresponding to the present control value or to select a
control value corresponding to a smaller coupling coeflicient
than the coupling coefficient corresponding to the present
control value. The term “a direction of a position for reading
out one of the control values” herein indicates a direction
from the position where the presently-applied control value
is stored to the position where a newly-applied control value
is stored in the case that each control value is stored in
ascending or descending order of the coupling coefficient.
The readout position determination unit determines the
position for reading out the control value from the selected
table based on the direction and a predetermined step width
for shifting the position for reading out the control value.
The term “step width” herein indicates width indicating the
number of the control values with respect to the present
control value in the case that each control value is stored in
ascending or descending order of the coupling coefficient.
The step width may be a fixed value or a variable value. The
circuit selection unit electrically connects one of the first
matching circuit, the second matching circuit and the
through circuit based on the determined position. The con-
trol value output unit outputs the control value at the
determined position to the circuit selected by the circuit
selection unit. Thereby, even when the coupling state
between the power transmission antenna and the power
reception antenna varies over time, the impedance matching
device can keep the transmission efficiency high by rapidly
and repeatedly matching the impedance.

In one mode of the impedance matching device, each of
the tables previously stores the control values and flag
information in ascending or descending order of the cou-
pling coefficient corresponding thereto, the flag information
indicating either the first matching circuit or the second
matching circuit to which each of the control values is
applied, and the circuit selection unit electrically connect
one of the first matching circuit, the second matching circuit
and the through circuit based on the flag information cor-
responding to the determined position. In this mode, by
previously storing the flag information indicating the match-
ing circuit to be used in the tables in addition to the control
values, the impedance matching device can precisely and
easily select the matching circuit to be used.

In another mode of the impedance matching device, each
of the control values is determined based on a locus of
variation of impedance inputted from the power transmis-
sion circuit to the power transmission antenna in a condition
that coupling state between the power transmission antenna
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and the power reception antenna is changed while the value
of the load of the circuit is fixed. By storing control values
set in this way in advance and matching the impedance, the
impedance matching device can reduce processing steps,
necessary memory amount and the necessary scale of the
circuit.

In another mode of the impedance matching device, the
adjustment direction determination unit determines the
direction to select a control value corresponding to a larger
coupling coeflicient than the coupling coefficient corre-
sponding to the present control value if the phase determi-
nation unit determines that the phase of the reflective wave
voltage is behind the phase of the incident wave voltage, and
determines the direction to select a control value corre-
sponding to a smaller coupling coefficient than the coupling
coeflicient corresponding to the present control value if the
phase determination unit determines that the phase of the
reflective wave voltage is ahead of the phase of the incident
wave voltage. In this mode, the impedance matching device
can precisely select the control value even when the imped-
ance becomes mismatched due to the variation of the
coupling state between the power transmission antenna and
the power reception antenna.

According to another preferable embodiment of the pres-
ent invention, there is provided an impedance matching
device included in a wireless electric power transmission
system transmitting electric power by coupling a power
transmission antenna with a power reception antenna
through an electromagnetic field, the impedance matching
device being provided between a power transmission circuit
and the power transmission antenna, the impedance match-
ing device including: an incident-wave/reflective-wave
extraction unit configured to extract incident wave voltage
corresponding to an output signal from the power transmis-
sion circuit and reflective wave voltage corresponding to a
signal reflected from the power transmission antenna; a
phase determination unit configured to compare a phase of
the incident wave voltage to a phase of the reflective wave
voltage to determine which one of the phases is behind or
ahead of the other phase; a first matching circuit configured
to include a variable inductor element and a variable capaci-
tor element, the variable inductor element being connected
in series between the power transmission circuit and the
power transmission antenna, the variable capacitor element
being connected in parallel closer to the power transmission
antenna than the variable inductor element; a second match-
ing circuit configured to include a variable inductor element
and a variable capacitor element, the variable inductor
element being connected in series between the power trans-
mission circuit and the power transmission antenna, the
variable capacitor element being connected in parallel closer
to the power transmission circuit than the variable inductor
element; a through circuit connected in series between the
power transmission circuit and the power transmission
antenna; a coupling coeflicient estimation unit configured to
estimate a coupling coeflicient between the power transmis-
sion antenna and the power reception antenna; a storage unit
configured to store tables each associated with the coupling
coeflicient, each of the tables previously storing control
values in ascending or descending order of a value of a load
of a circuit corresponding thereto, each of the control values
corresponding to an inductance value and a capacitance
value each needed for matching to a predetermined imped-
ance value by use of the first matching circuit or the second
matching circuit, the circuit being connected to the power
reception antenna and consuming the transmitted electric
power; a selection unit configured to select one of the tables
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corresponding to the coupling coefficient estimated by the
coupling coeflicient estimation unit; an adjustment direction
determination unit configured to determine, on a basis of the
determination by the phase determination unit, a direction of
a position for reading out one of the control values from the
selected table, the direction indicating whether to select a
control value corresponding to a larger value of the load than
the value of the load corresponding to the present control
value or to select a control value corresponding to a smaller
value of the load than the value of the load corresponding to
the present control value; a readout position determination
unit configured to determine the position for reading out the
control value from the selected table based on the direction
and a predetermined step width for shifting the position for
reading out the control value; a circuit selection unit con-
figured to electrically connect one of the first matching
circuit, the second matching circuit and the through circuit
based on the determined position; and a control value output
unit configured to output the control value at the determined
position to the circuit selected by the circuit selection unit.

The above-mentioned impedance matching device is pro-
vided between a power transmission circuit and a power
transmission antenna in a wireless electric power transmis-
sion system transmitting electric power by coupling the
power transmission antenna with a power reception antenna
through an electromagnetic field. The impedance matching
device includes a first matching circuit, a second matching
circuit, a storage unit, a through circuit, an incident-wave/
reflective-wave extraction unit, a phase determination unit,
a coupling coefficient estimation unit, a selection unit, an
adjustment direction determination unit, a readout position
determination unit, a circuit selection unit and a control
value output unit. The storage unit stores tables each asso-
ciated with the coupling coefficient, each of the tables
previously storing control values in ascending or descending
order of a value of a load of a circuit corresponding thereto,
each of the control values corresponding to an inductance
value and a capacitance value each needed for matching to
a predetermined impedance value by use of the first match-
ing circuit or the second matching circuit, the circuit being
connected to the power reception antenna and consuming
the transmitted electric power. Namely, the storage unit
stores tables each associated with a coupling coefficient, and
each of the tables stores control values in ascending or
descending order of the load value of the circuit connected
to the power reception antenna. The incident-wave/reflec-
tive-wave extraction unit extracts incident wave voltage
corresponding to an output signal from the power transmis-
sion circuit and reflective wave voltage corresponding to a
signal reflected from the power transmission antenna. The
phase determination unit compares a phase of the incident
wave voltage to a phase of the reflective wave voltage to
determine which one of the phases is behind or ahead of the
other phase. The coupling coeflicient estimation unit esti-
mates a coupling coefficient between the power transmission
antenna and the power reception antenna. The selection unit
selects one of the tables corresponding to the coupling
coeflicient estimated by the coupling coeflicient estimation
unit. The adjustment direction determination unit deter-
mines, on a basis of the determination by the phase deter-
mination unit, a direction of a position for reading out one
of the control values from the selected table, the direction
indicating whether to select a control value corresponding to
a larger value of the load than the value of the load
corresponding to the present control value or to select a
control value corresponding to a smaller value of the load
than the value of the load corresponding to the present
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control value. The readout position determination unit deter-
mines the position for reading out the control value from the
selected table based on the direction and a predetermined
step width for shifting the position for reading out the
control value. The circuit selection unit electrically connects
one of the first matching circuit, the second matching circuit
and the through circuit based on the determined position.
The control value output unit outputs the control value at the
determined position to the circuit selected by the circuit
selection unit. Thereby, even when the coupling state
between the power transmission antenna and the power
reception antenna varies over time, the impedance matching
device can keep the transmission efficiency high by rapidly
and repeatedly matching the impedance.

In one mode of the impedance matching device, each of
the tables previously stores the control values and flag
information in ascending or descending order of the value of
the load corresponding thereto, the flag information indicat-
ing either the first matching circuit or the second matching
circuit to which each of the control values is applied, and the
circuit selection unit electrically connect one of the first
matching circuit, the second matching circuit and the
through circuit based on the flag information corresponding
to the determined position. In this mode, by previously
storing the flag information indicating the matching circuit
to be used in the tables in addition to the control values, the
impedance matching device can precisely and easily select
the matching circuit to be used.

In another mode of the impedance matching device, each
of the control values is determined based on a locus of
variation of impedance inputted from the power transmis-
sion circuit to the power transmission antenna in a condition
that the value of the load of the circuit is changed while the
coupling coefficient between the power transmission
antenna and the power reception antenna is fixed. By storing
control values set in this way in advance and matching the
impedance, the impedance matching device can reduce
processing steps, necessary memory amount and the neces-
sary scale of the circuit.

In another mode of the impedance matching device, the
adjustment direction determination unit determines the
direction to select a control value corresponding to a smaller
value of the load than the value of the load corresponding to
the present control value if the phase determination unit
determines that the phase of the reflective wave voltage is
behind the phase of the incident wave voltage, and deter-
mines the direction to select a control value corresponding
to a larger value of the load than the value of the load
corresponding to the present control value if the phase
determination unit determines that the phase of the reflective
wave voltage is ahead of the phase of the incident wave
voltage. In this mode, the impedance matching device can
precisely select the control value even when the impedance
becomes mismatched due to the variation of the load value
of the circuit connected to the power reception antenna.

In another mode of the impedance matching device, the
impedance matching device further includes: a reflection
coeflicient calculation unit configured to calculate a reflec-
tion-coefficient-absolute-value equivalent value based on
the incident wave voltage and the reflective wave voltage,
the reflection-coefficient-absolute-value equivalent value
indicating an absolute value of the reflection coefficient or a
value equivalent thereto; and a step width determination unit
configured to determine the step width based on the reflec-
tion-coefficient-absolute-value equivalent value. The term
“reflection-coefficient-absolute-value  equivalent value”
herein indicates a value equivalent to the absolute value of



US 9,484,881 B2

15

a reflection coefficient such as the absolute value of a
reflection coefficient and any value uniquely corresponding
thereto, and examples thereof include the absolute value of
a reflection coefficient and the absolute value of impedance.
The impedance matching device can flexibly change the step
width and rapidly track the matching state even when the
coupling state between the power transmission antenna and
the power reception antenna drastically varies or the value of
the load connected to the power reception antenna drasti-
cally varies.

In another mode of the impedance matching device, the
impedance matching device further includes an incident-
wave/reflective-wave extraction unit configured to extract
incident wave voltage corresponding to an output signal
from the power transmission circuit and reflective wave
voltage corresponding to a signal reflected from the power
transmission antenna and a reflection coefficient calculation
unit configured to calculate a reflection-coefficient-abso-
lute-value equivalent value based on the incident wave
voltage and the reflective wave voltage, the reflection-
coeflicient-absolute-value equivalent value indicating an
absolute value of the reflection coefficient or a value equiva-
lent thereto, wherein the phase determination unit deter-
mines which one of the phases is behind or ahead of the
other phase only when the reflection-coefficient-absolute-
value equivalent value is larger than a predetermined value.
Thereby, preferably, the impedance matching device can
match the impedance only when the reflection loss of the
electric power exceeds a predetermined allowable value.

In another mode of the impedance matching device, the
control value is quantized such that the larger an absolute
value of a reflection coefficient is, the shorter the quantizing
interval becomes. By matching the impedance based on the
control value quantized in this way, the impedance matching
device can continuously suppress the reflection loss after the
matching within the range equal to or smaller than a pre-
determined threshold.

According to another preferable embodiment of the pres-
ent invention, there is provided a control method executed
by an impedance matching device included in a wireless
electric power transmission system transmitting electric
power by coupling a power transmission antenna with a
power reception antenna through an electromagnetic field,
the impedance matching device being provided between a
power transmission circuit and the power transmission
antenna, the impedance matching device including: a first
matching circuit configured to include a variable inductor
element and a variable capacitor element, the variable induc-
tor element being connected in series between the power
transmission circuit and the power transmission antenna, the
variable capacitor element being connected in parallel closer
to the power transmission antenna than the variable inductor
element; a second matching circuit configured to include a
variable inductor element and a variable capacitor element,
the variable inductor element being connected in series
between the power transmission circuit and the power
transmission antenna, the variable capacitor element being
connected in parallel closer to the power transmission circuit
than the variable inductor element; a through circuit con-
nected in series between the power transmission circuit and
the power transmission antenna; and a storage unit config-
ured to store tables each associated with a value of a load of
a circuit, each of the tables previously storing control values
in ascending or descending order of a coupling coeflicient
corresponding thereto between the power transmission
antenna and the power reception antenna, each of the control
values corresponding to an inductance value and a capaci-
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tance value each needed for matching to a predetermined
impedance value by use of the first matching circuit or the
second matching circuit, the circuit being connected to the
power reception antenna and consuming the transmitted
electric power; the control method including: an incident-
wave/reflective-wave extraction process for extracting inci-
dent wave voltage corresponding to an output signal from
the power transmission circuit and reflective wave voltage
corresponding to a signal reflected from the power trans-
mission antenna; a phase determination process for compar-
ing a phase of the incident wave voltage to a phase of the
reflective wave voltage to determine which one of the phases
is behind or ahead of the other phase; a load value estimation
process for estimating the value of the load; a selection
process for selecting one of the tables corresponding to the
value of the load estimated through the load value estimation
process; an adjustment direction determination process for
determining, on a basis of the determination through the
phase determination process, a direction of a position for
reading out one of the control values from the selected table,
the direction indicating whether to select a control value
corresponding to a larger coupling coefficient than the
coupling coefficient corresponding to the present control
value or to select a control value corresponding to a smaller
coupling coeflicient than the coupling coefficient corre-
sponding to the present control value; a readout position
determination process for determining the position for read-
ing out the control value from the selected table based on the
direction and a predetermined step width for shifting the
position for reading out the control value; a circuit selection
process for electrically connecting one of the first matching
circuit, the second matching circuit and the through circuit
based on the determined position; and a control value output
process for outputting the control value at the determined
position to the circuit selected through the circuit selection
process.

According to another preferable embodiment of the pres-
ent invention, there is provided a control method executed
by an impedance matching device included in a wireless
electric power transmission system transmitting electric
power by coupling a power transmission antenna with a
power reception antenna through an electromagnetic field,
the impedance matching device being provided between a
power transmission circuit and the power transmission
antenna, the impedance matching device comprising: a first
matching circuit configured to include a variable inductor
element and a variable capacitor element, the variable induc-
tor element being connected in series between the power
transmission circuit and the power transmission antenna, the
variable capacitor element being connected in parallel closer
to the power transmission antenna than the variable inductor
element; a second matching circuit configured to include a
variable inductor element and a variable capacitor element,
the variable inductor element being connected in series
between the power transmission circuit and the power
transmission antenna, the variable capacitor element being
connected in parallel closer to the power transmission circuit
than the variable inductor element; a through circuit con-
nected in series between the power transmission circuit and
the power transmission antenna; and a storage unit config-
ured to store tables each associated with a coupling coeffi-
cient between the power transmission antenna and the power
reception antenna, each of the tables previously storing
control values in ascending or descending order of a value
of a load of a circuit corresponding thereto, each of the
control values corresponding to an inductance value and a
capacitance value each needed for matching to a predeter-
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mined impedance value by use of the first matching circuit
or the second matching circuit, the circuit being connected
to the power reception antenna and consuming the trans-
mitted electric power; the control method including: an
incident-wave/reflective-wave  extraction process for
extracting incident wave voltage corresponding to an output
signal from the power transmission circuit and reflective
wave voltage corresponding to a signal reflected from the
power transmission antenna; a phase determination process
for comparing a phase of the incident wave voltage to a
phase of the reflective wave voltage to determine which one
of the phases is behind or ahead of the other phase; a
coupling coefficient estimation process for estimating the
coupling coeflicient; a selection process for selecting one of
the tables corresponding to the coupling coefficient esti-
mated through the coupling coeflicient estimation process;
an adjustment direction determination process for determin-
ing, on a basis of the determination through the phase
determination process, a direction of a position for reading
out one of the control values from the selected table, the
direction indicating whether to select a control value corre-
sponding to a larger value of the load than the value of the
load corresponding to the present control value or to select
a control value corresponding to a smaller value of the load
than the value of the load corresponding to the present
control value; a readout position determination process for
determining the position for reading out the control value
from the selected table based on the direction and a prede-
termined step width for shifting the position for reading out
the control value; a circuit selection process for electrically
connecting one of the first matching circuit, the second
matching circuit and the through circuit based on the deter-
mined position; and a control value output process for
outputting the control value at the determined position to the
circuit selected through the circuit selection process.

EMBODIMENT

Hereinafter, preferred embodiments of the present inven-
tion will be explained with reference to the drawings after a
basic explanation relating to fundamental technologies of
the present invention and problems thereof.

<Basic Explanation>

FIG. 1 illustrates an example of an antenna (power
transmission/reception antenna) used for a power transmis-
sion antenna and a power reception antenna which are based
on the electromagnetic resonance mode. The power trans-
mission/reception antenna illustrated in FIG. 1 is an antenna
having winding wires each formed into a helical shape on
the upper surface and the bottom surface, and it includes a
winding wire 101 on the upper surface, an winding wire (not
shown) on the bottom surface, a feeding point 102 and a
support material (dielectric) 103. The diameter of the power
transmission/reception antenna is 30 cm, and the number of
turns on the upper surface and the bottom surface is 5.2, and
the pitch of the winding wires is 7 mm, and the distance
between the upper surface and the bottom surface is 15 mm.
The tip of each surface of the power transmission/reception
antenna is open, and the power transmission/reception
antenna supplies or receives electric power from the feeding
point 102 existing on the center of the winding wire on the
upper surface or the bottom surface.

In this case, provided that parameters relating to the
electric circuit of the antenna illustrated in FIG. 1 is calcu-
lated by an electromagnetic analysis, inductance “L.” is
“8.64 uH”, capacitance “C” is “17.49 pF” and loss resistance
“R” 1s “1.0€2”. The power transmission/reception antenna
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functions as a serial resonance circuit having these constant
values. In this case, the resonance frequency “fo” is “1/(2n
V(LC))=12.947 MHz”.

FIG. 2 is a series parallel equivalent circuit indicating an
equivalent circuit model precisely expressing the power
transmission/reception antenna illustrated in FIG. 1. The
series parallel equivalent circuit has a capacitor connected in
parallel with the serial resonance circuit. In the case of the
power transmission/reception antenna illustrated in FIG. 1,
the parallel capacitor “Ct” is “10.08 pF”.

In a case of wireless electric power transmission based on
an electromagnetic resonance mode, two antennas each of
which is illustrated in FIG. 1 are placed to face each other
on the power transmission side and the power reception side,
respectively. A power transmission-side circuit (power
source) is connected to the power transmission antenna, and
a load is connected to the power reception antenna via
coaxial cables, respectively. The state thereof is illustrated in
FIG. 3. FIG. 3 illustrates an electric power transmission
system in which antennas each illustrated in FIG. 1 are
arranged to face each other as the power transmission
antenna and the power reception antenna. As illustrated in
FIG. 3, the power source is connected to the power trans-
mission antenna, and the load is connected to the power
reception antenna.

FIG. 4 is an example of the electric power transmission
system illustrated in FIG. 3 and expressed by use of a series
parallel equivalent circuit. The symbol “Lm” stands for
mutual inductance in a state where the power transmission
antenna is magnetically connected to the power reception
antenna. Provided that the same antennas are used for the
power transmission antenna and the power reception
antenna (this is not a necessary requirement if the resonance
frequencies of these antennas are identical), the equation
“Lm=kL” is true, wherein the symbol “k” is coupling
coeflicient. The coupling coefficient k is determined depend-
ing on the positional relationship between the power trans-
mission antenna and the power reception antenna such as the
width of the gap (interval) thereof and the amount of the
misalignment thereof. Changing the width of the gap or the
amount of the misalignment may be considered to be
equivalent to changing the coupling coefficient k.

The input impedance “Zin” at the edge (simply referred to
as “edge of the power transmission antenna”) of the power
transmission antenna where the electric power enters will be
examined by use of the equivalent circuit expression illus-
trated in FIG. 4, with respect to the following two cases:
(1) the coupling coefficient k between the power transmis-

sion antenna and the power reception antenna is changed

while the value “RL” of the load is fixed;
(2) the value of the load on the power reception side is
changed while the coupling coefficient k is fixed.

It is noted that the frequency (hereinafter referred to as
“drive frequency”) of the power transmission circuit is the
same as the resonance frequency “12.947 MHz” between the
power transmission antenna and the power reception
antenna.

FIGS. 5A to 5C each illustrates a Smith chart in which a
locus of the input impedance Zin is plotted, wherein the
coupling coeflicient k between the power transmission
antenna and the power reception antenna is changed within
the range of “0.311 to 0.021” while the load value RL is
fixed at 10€2 in the case of FIG. 5A, 50Q in the case of FIG.
5B and 20012 in the case of FIG. 5C, respectively. Provided
that the antenna illustrated in FIG. 1 is used as each of the
power transmission antenna and the power reception
antenna and that the positional misalignment in the horizon-
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tal direction is zero, the coupling coefficient “k=0.311"

corresponds to a state that the width of the gap between the

power transmission antenna and the power reception
antenna is “5 cm” whereas the coupling coeflicient

“k=0.021" corresponds to a state that the width of the gap is

“35 cm”. FIGS. 6A to 6C each illustrates a Smith chart in

which a locus of the input impedance Zin is plotted, wherein

the load value RL is changed within the range of “5Q” to

“5009Q” while the coupling coefficient k is fixed at 0.030 in

the case of FIG. 6A, 0.064 in the case of FIG. 6B and 0.120

in the case of FIG. 6C, respectively. Provided that the

antenna illustrated in FIG. 1 is used as each of the power
transmission antenna and the power reception antenna and
that the positional misalignment in the horizontal direction

is zero, the coupling coefficient “k=0.030" corresponds to a

state that the width of the gap between the power transmis-

sion antenna and the power reception antenna is “29 cm”

whereas the coupling coefficient “k=0.12" corresponds to a

state that the width of the gap is “13 cm”.

As illustrated in FIGS. 5A to 5C, if the coupling coeffi-
cient k is changed while the load value RL is fixed, each of
the loci of the input impedance Zin at the edge of the power
transmission antenna varies particularly around the axis
corresponding to “X=0€2" (“X” is the reactance component)
in the horizontal direction on the Smith charts. Each of the
loci is positioned relatively towards the right of the Smith
charts as the value RL of the load becomes small, and
towards the left as the value RL of the load becomes large.
Thus, when the value RL of the load is relatively small such
as “109Q”, the locus of the input impedance Zin is positioned
towards the right (see FIG. 5A). In contrast, when the load
value RL is relatively large such as “200Q”, the locus of the
input impedance Zin is positioned towards the left (see FIG.
5C). When the load value RL is a medium value such as
“50€2”, the locus of the input impedance Zin ranges without
substantially slanting leftward or rightward.

In contrast, as illustrated in FIGS. 6A to 6C, if the value
RL of the load is changed while the coupling coefficient k is
fixed, each of the loci of the input impedance Zin at the edge
of'the power transmission antenna varies particularly around
the axis corresponding to “X=0£2" in the horizontal direction
on the Smith charts. Each of the loci is positioned relatively
towards the left of the Smith charts as the coupling coeffi-
cient k becomes small, and towards the right as the coupling
coeflicient k becomes large. Thus, when the coupling coef-
ficient k is relatively small such as “0.030”, the locus of the
input impedance Zin is positioned towards the left (see FIG.
6A). In contrast, when the coupling coefficient k is relatively
large such as “0.12”, the locus of the input impedance Zin
is positioned towards the right (see FIG. 6C). When the
coupling coeflicient k is a medium value such as “0.064”, the
locus of the input impedance Zin ranges without substan-
tially slanting leftward or rightward.

As described above, the input impedance Zin at the edge
of the power transmission antenna has a different locus on
the Smith chart in the following cases:

(1) the coupling coefficient k between the power transmis-
sion antenna and the power reception antenna is changed;
and

(2) the value RL of the load on the reception side is changed.
In addition, the locus of the input impedance Zin in the

above cases varies particularly around the axis correspond-

ing to “X=0Q” in the horizontal direction on the Smith
charts.

Above things considered, there is a necessity of a process
(referred to as “automatic matching operation” or “auto-
matic matching process”) for automatically and promptly
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matching the impedance at the edge of the power transmis-
sion antenna having one of these different impedance loci to
the output impedance (i.e., matching point) of the power
transmission circuit. The detail of the automatic matching
operation will be described in the first embodiment and in
the second embodiment.

Next, a description will be given of the effects of match-
ing the input impedance Zin at the edge of the power
transmission antenna to the output impedance of the power
transmission circuit. FIG. 7 illustrates a graph of the ratio
(1-1,,1?) of “electric power supplied to the power transmis-
sion antenna” to “electric power supplied from the power
source”, wherein the symbol “S,,” is identical to the reflec-
tion coefficient and therefore IS, 1* is identical to the reflec-
tion coefficient of the electric power reflected and returned
after the supply from the power source. In the case of FIG.
7, the power transmission antenna and the power reception
antenna are arranged to face each other as illustrated in FIG.
4, and the antenna illustrated in FIG. 1 is used for the power
transmission antenna and power reception antenna, and the
value RL of the load is set to “50Q”, and the coupling
coeflicient k is set to 0.1, i.e., a value in conditions that the
width of the gap is “15 cm” and that there is no misalign-
ment.

According to FIG. 7, the above-mentioned ratio at the
drive frequency 12.947 MHz is 89.4%. In this case, the input
impedance Zin at the edge of the power transmission
antenna at the driving frequency 12.947 MHz is “97.86-
3.98j (€2)”. Thus, in this case, since the input impedance Zin
is not equal to “50€2” that is the output impedance of the
power transmission circuit, there is 10% loss due to the
mismatch.

FIG. 8 illustrates a matching circuit for matching the input
impedance Zin at the edge of the power transmission
antenna to “50Q2”. FIG. 9 illustrates a graph of the ratio of
the electric power supplied to the power transmission
antenna to the electric power supplied from the power
source in a state that the matching circuit illustrated in FIG.
8 is added. As illustrated in FIG. 9, in the state that the
matching circuit illustrated in FIG. 8 is added, the above-
mentioned ratio at the drive frequency “12.947 MHz” is
100%. In this case, the input impedance Zin at the edge of
the power transmission antenna is matched to the output
impedance of the power transmission circuit, and there is no
loss due to the mismatch.

Next, a description will be given of the influence caused
by the change of the value RL of the load after the matching
process. FIG. 10A indicates the ratio of the electric power
supplied to the power transmission antenna to the electric
power supplied from the power source in the case that the
value RL of the load falls to “10€2” while the coupling
coeflicient k remains “0.1” in the matching state illustrated
in FIG. 9. FIG. 10B indicates the ratio of the electric power
supplied to the power transmission antenna to the electric
power supplied from the power source in the case that the
value RL of the load has increased to “200€” while the
coupling coefficient k remains “0.1” in the matching state
illustrated in FIG. 9. When the value RL of the load varies
from the matching state in this way, the ratio “1-IS,,1*” at
the drive frequency “12.947 MHz” falls to 58.7% in the case
of FIG. 10A whereas it falls to 65.7% in the case of FIG.
10B.

Next, a description will be given of the influence caused
by the change of the coupling coefficient k after matching
process. FIG. 11A indicates the ratio of the electric power
supplied to the power transmission antenna to the electric
power supplied from the power source in the case that the
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value RL of the load remains “500” while the coupling
coeflicient k falls to “0.05” in the matching state illustrated
in FIG. 9. FIG. 11B indicates the ratio of the electric power
supplied to the power transmission antenna to the electric
power supplied from the power source in the case that the
value RL of the load remains “500” while the coupling
coefficient k has increased to “0.15” in the matching state
illustrated in FIG. 9. When the coupling coefficient k varies
from the matching state in this way, the ratio “1-IS,,1*” at
the drive frequency “12.947 MHz” falls to 65.1% in the case
of FIG. 11A whereas it falls to 85.4% in the case of FIG.
11B.

As described above, the input impedance Zin becomes
mismatched from the matching point because of the varia-
tion of the value RL of the load for some reason and/or the
variation of the coupling coefficient k through the variation
of the gap between the power transmission/reception
antenna, even though the matching circuit which makes the
input impedance Zin at the edge of the power transmission
antenna most suitable for (1) a predetermined coupling
coeflicient k between the power transmission antenna and
the power reception antenna, and (2) a predetermined value
RL of the load at the reception side, is added to between the
power transmission circuit and the power transmission
antenna. As a result, the reflection loss at the time of
supplying the electric power from the power transmission
circuit to the power transmission antenna becomes large,
which causes the deterioration of the transmitting efficiency.

In consideration of the above fact, there is a necessity of
a process (referred to as “matching-state tracking operation”
or “matching-state tracking process”) for constantly and
promptly tracking the matching state by detecting the mis-
match from the matching state as soon as possible and
properly changing a constant value applied to the matching
circuit even in an event of the mismatch from the matching
state due to the variation of the value RL of the load and/or
due to the variation of the coupling coefficient k between the
power transmission antenna and the power reception
antenna after once having the impedance matched on a
predetermined condition. The detail description of the
matching-state tracking operation will be given in the first
embodiment and the second embodiment described later.

Next, a description will be given of applications of the
electric power transmission system which meets the above-
mentioned conditions. The contactless charging system for
an electric vehicle is thought as a major application of the
wireless electric power transmission mode in accordance
with the electromagnetic resonance mode. Regarding the
charge of the battery of an electric vehicle, the load variation
depending on the amount of the charge of the battery should
be considered as well as the load variation caused by the
time-series switchover between the charge in the constant
current mode and the charge in the constant voltage mode.
It can be also assumed that the width of the gap and/or the
amount of the misalignment between the power transmission
antenna and the power reception antenna are continuously
changed over time, particularly during the charge while
running. In these cases, by providing the electric power
transmission system constantly and promptly tracking the
matching state, an efficient contactless charging system can
be achieved.

<First Embodiment>

Next, a description will be given of the first embodiment
to which the present invention is preferably applied. Regard-
ing the first embodiment, a description will be given of a
case that the coupling state (coupling coeflicient k) between
the power transmission antenna and the power reception
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antenna is changed while the value RL of the load is fixed.
In summary, the electric power transmission system esti-
mates the value RL of the load and the input impedance Zin
at the edge of the power transmission antenna to determine
the matching circuit to be used and the control value to be
applied to the matching circuit by referring to a predeter-
mined table (referred to as “matching correction amount
table”) on the basis of the estimation values. Thereby, the
electric power transmission system matches the input
impedance Zin of the power transmission antenna to the
output impedance of the power transmission circuit. In
addition, the electric power transmission system keeps the
matching state through the matching-state tracking opera-
tion for keeping the matching state after once having the
impedance matched.

[Schematic Configuration]

FIG. 12 is a schematic configuration of the electric power
transmission system according to the first embodiment. As
illustrated in FIG. 12, the electric power transmission system
includes a power transmission-side device 1 equipped with
a power transmission circuit 2 and a power transmission
antenna 3, and a power reception-side device 4 equipped
with a power reception antenna 5 and a load 6.

The power transmission circuit 2 includes a power source
20 and an amplification unit 21. The amplification unit 21
controls the amount of the electric power transmitted from
the power source 20 while functioning as a control circuit
which controls the start and the end of the transmission of
the electric power from the power source 20.

A first mode matching circuit 11 includes a variable
inductance element inserted in series between the power
transmission circuit 2 and the power transmission antenna 3,
and a variable capacitance element connected in parallel at
the edge on the side of the power transmission antenna 3.
The second mode matching circuit 12 includes a variable
inductance element inserted in series between the power
transmission circuit 2 and the power transmission antenna 3,
and a variable capacitance element connected in parallel at
the edge on the side of the power transmission circuit 2.
Hereinafter, each of the first mode matching circuit 11 and
the second mode matching circuit 12 is simply and inclu-
sively referred to as “matching circuit”.

The storage unit 25 stores a plurality of matching correc-
tion amount tables each of which corresponds to a different
load value. Each of the matching correction amount tables
stores flag information “If” and control values “Tc” to be
applied to the matching circuit. The flag information indi-
cates which to select from the first mode matching circuit 11
and the second mode matching circuit 12. Each raw of the
matching correction amount table has an index (referred to
as “index number Idx”’) which is a sequential serial number,
and the control values Tc are arranged in order of increasing
the coupling coefficient k corresponding thereto. The con-
crete example of the matching correction amount table will
be explained with reference to FIG. 13. It is noted that the
control value Tc indicates a inductance value (referred to as
“inductance value [.”’) and a capacitance value (referred to as
“capacitance value C”) which are to be applied to the first
mode matching circuit 11 or the second mode matching
circuit 12. As described later, the control value Tc is deter-
mined based on the locus indicating the variation of the input
impedance Zin seen from the power transmission circuit 2 to
the power transmission antenna 3 in a condition that the
power transmission antenna 3 and the power reception
antenna 5 in the electromagnetic resonance coupling mode
are positioned to face each other and that the gap thereof is
changed.



US 9,484,881 B2

23

The switch units 13 and 14 each electrically connects one
of the first mode matching circuit 11, the second mode
matching circuit 12 and the through circuit 30 between the
power transmission circuit 2 and the power transmission
antenna 3. The through circuit 30 is composed of an electric
cable.

The load estimation unit 7 includes a current value
determination unit 71, a voltage value detection unit 72, a
load value calculation unit 73 and communication control
units 74 and 75, and calculates an estimated value RL
(referred to as “load estimation value RLe”) of the load 6 of
the power reception-side device 4 prior to the transmission
of the rated electric power (i.e., electric power to be trans-
mitted). Specially, when the power transmission antenna 3
transmits a small electric power prior to the transmission of
the rated electric power, the current value determination unit
71 detects the current flowing through the load 6 and
supplies the detected current value (referred to as “detected
current value Ie”) to the load value calculation unit 73. The
voltage value detection unit 72 detects the voltage of the
load 6 and supplies the detected voltage (referred to as
“detected voltage value Ve”) to the load value calculation
unit 73. Then, the load value calculation unit 73 calculates
the estimated load value RLe based on the detected current
value Ie supplied from the current value determination unit
71 and the detected voltage value Ve supplied from the
voltage value detection unit 72. Specially, the load value
calculation unit 73 determines the impedance value calcu-
lated by dividing the detected voltage value Ve by the
detected current value Ie as the estimated load value RLe.
The communication control unit 74 in the power reception-
side device 4 transmits the estimated load value RLe cal-
culated by the load value calculation unit 73 to the commu-
nication control unit 75 in the power transmission-side
device 1 via a wireless control communication unit other
than the wireless communication unit for transmitting the
electric power. Thereafter, the estimated load value RLe is
supplied to the table selection unit 27.

The table selection unit 27 selects the matching correction
amount table corresponding to the load value nearest to the
supplied estimated load value RLe from plural matching
correction amount tables each corresponding to a different
load value stored by the storage unit 25. The detail of the
matching correction amount table will be described later.

The incident-wave/reflective-wave extraction unit 15, the
phase difference calculation/determination unit 16 and the
reflection coeflicient calculation unit 17 perform processing
for calculating the input impedance Zin at the edge of the
power transmission antenna corresponding to the present
value RL of the load 6 when a small electric power is
transmitted from the power transmission antenna 3 prior to
the transmission of the rated electric power. Specifically, the
incident-wave/reflective-wave extraction unit 15 separates
the incident wave voltage “VI” (VI=IV1l exp(j01): “01” is
the phase of V1) corresponding to a signal outputted from the
power transmission circuit 2 from the reflective wave volt-
age “Vr” (Vr=IVrl exp(j 02): “02” is the phase of Vr)
corresponding to a signal reflected and returned from the
power transmission antenna 3 because of the mismatch of
the impedance, and extracts each of them. Preferably, the
incident-wave/reflective-wave extraction unit 15 is a direc-
tional coupler. The reflection coefficient calculation unit 17
calculates the absolute value II'l of the reflection coefficient
“I" by using the amplitude value IVl of the incident wave
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voltage VT and the amplitude value [Vrl of the reflective
wave voltage Vr according to the following equation (1).

1V,
|Vl

®

=

The phase difference calculation/determination unit 16
calculates the phase difference “0” between the phase 61 of
the incident wave voltage VI and the phase 02 of the
reflective wave voltage Vr according to the following equa-
tion (2).

0=02-61 )

Then, on the basis of the result, the phase difference
calculation/determination unit 16 or the reflection coefficient
calculation unit 17 calculates the complex reflection coef-
ficient I'(T'=IT"lexp(j0)) corresponding to the input imped-
ance Zin at the edge of the power transmission antenna, and
converts the value according to the following equation (3)
thereby to calculate the input impedance Zin. Here, the
symbol “Z,” indicates the target impedance of matching.

S LT 3)
lﬂ——l_r 0

The readout position determination unit 24 refers to the
matching correction amount table selected by the table
selection unit 27 and reads out the flag information If
indicating the matching circuit to be used and the control
value Tc to be applied to the matching circuit from the row
of the matching correction amount table having the imped-
ance value nearest to the calculated input impedance Zin.
Then, the matching circuit selection unit 23 controls the
switch units 13 and 14 based on the flag information If
supplied from the readout position determination unit 24 so
that one of the first mode matching circuit 11, the second
mode matching circuit 12 and the through circuit 30 com-
posed of an electric cable is electrically connected between
the power transmission circuit 2 and the power transmission
antenna 3. The control value output unit 26 applies the
control value Tc read out by the readout position determi-
nation unit 24 to the first mode matching circuit 11 or the
second mode matching circuit 12 selected by the matching
circuit selection unit 23.

A description will be given of the process executed by the
readout position determination unit 24, the matching circuit
selection unit 23 and the control value output unit 26 by use
of a concrete example. FIG. 13 indicates an example of the
matching correction amount table corresponding to the load
value “50Q”. The matching correction amount table
includes capacitance values “C” and inductance values “L”
each necessary for matching the input impedance Zin to
“50Q2”, and flag information If indicating the matching
circuit to be used. The input impedance Zin herein is limited
within such a range that the coupling coefficient k between
the power transmission antenna 3 and the power reception
antenna 5 is “0.01 to 0.3”. Here, in a case that the flag
information If is “17, the flag information If indicates that
the first mode matching circuit 11 should be used whereas
the flag information If indicates that the second mode
matching circuit 12 should be used in a case that the flag
information If is “2”.

For example, when the input impedance Zin inputted to
the readout position determination unit 24 is “27+j0Q”, the
readout position determination unit 24 selects the row hav-
ing such an index number Idx that the “(R-Ri)*+(X-Xi)*”
becomes its minimum value with reference to “Ri” and “Xi”
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(“1” indicates an index number Idx) stored in the matching
correction amount table, and with reference to the real part
“R” and the imaginary part “X” of the calculated input
impedance Zin. As a result, the row having the index number
Idx “5” corresponding to the real part Ri “25.248Q” and the
imaginary part Xi “0.451Q” illustrated in FIG. 13 is
selected. The readout position determination unit 24 reads
out the flag information If (“2” in this case) which is
information on the mode of the matching circuit from the
selected row and supplies it to the matching circuit selection
unit 23. In addition, the readout position determination unit
24 reads out the capacitance value C “243.431 pF” and the
inductance value L “301.756 nH” and supplies them to the
control value output unit 26. In this case, the matching
circuit selection unit 23 controls the switch units 13 and 14
so that the second mode matching circuit 12 is connected
between the power transmission circuit 2 and the power
transmission antenna 3. The control value output unit 26
applies the capacitance value C and the inductance value L.
supplied from the readout position determination unit 24 to
the variable condenser unit and the variable inductor unit of
the selected second mode matching circuit 12. FIG. 14
illustrates the matching circuit determined by the above-
mentioned process.

In this way, by identifying the input impedance Zin at the
edge of the power transmission antenna, the power trans-
mission-side device 1 can promptly perform the impedance
matching process between the power transmission circuit 2
and the power transmission antenna 3 with reference to the
selected matching correction amount table. For example, if
electric vehicles become popular in the future and an electric
vehicle stopping at a traffic intersection is charged by a
battery charger provided on the road surface, it will be
necessary to start the charge after the stop of the vehicle as
soon as possible. In such a situation, automatic completion
of the impedance matching as soon as possible will lead to
prompt transition to a rated electric power transmission.

Next, a description will be given of the phase difference
calculation/determination unit 16, the adjustment direction
determination unit 18 and the adjustment step width deter-
mination unit 19 which perform the process at the matching-
state tracking operation after the transition from an initial
state to the matching state. The detailed description thereof
will be given in the section “Matching-State Tracking
Operation”.

The phase difference calculation/determination unit 16
recognizes the phase relationship between the incident wave
voltage VT and the reflective wave voltage Vr after the
transition from the initial state to the matching state. On the
basis of the phase relationship between the incident wave
voltage VT and the reflective wave voltage Vr recognized by
the phase difference calculation/determination unit 16, the
adjustment direction determination unit 18 determines the
direction of the row whose control value Tc is to be read out
at the next time with respect to the previously used row
(index number Idx) of the matching correction amount table.

On the basis of the reflection coeflicient absolute value
IT'l, the adjustment step width determination unit 19 deter-
mines whether or not there is a necessity of the change of the
present control value Tc to another control value Tc to be
used after the transition from an initial state to the matching
state. In addition, the adjustment step width determination
unit 19 determines the step (shift) width (referred to as “step
width Widx”) of the index number Idx in the matching
correction amount table to read out a new control value Tc.

On the basis of the readout direction determined by the
adjustment direction determination unit 18 and the step
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width Widx, the readout position determination unit 24
determines the row whose control value Tc should be read
out in the matching correction amount table.

[Matching Correction Amount Table]

Next, a concrete description will be given of the matching
correction amount table stored in the storage unit 25. The
matching correction amount table used in the embodiments
has such a feature that it is determined based on the locus
indicating the variation of the input impedance Zin at the
edge of the power transmission antenna illustrated in FIGS.
5A to 5C and FIGS. 6A to 6C. It is noted that FIGS. 5A to
5C each indicates a locus of the input impedance Zin in the
case of changing the coupling state (i.e., coupling coeflicient
k) between the power transmission/reception antenna while
fixing the value RL of the load 6 to a predetermined value.
In contrast, FIGS. 6A to 6C each indicates a locus of the
input impedance Zin in the case of changing the value RL of
the load 6 of the power reception-side device while fixing
the coupling state between the power transmission/reception
antenna to a predetermined state. Hereinafter, a description
will be given hereinafter of a case that the matching cor-
rection amount table is configured based on the loci illus-
trated by FIGS. 5A to 5C since the first embodiment targets
the operation to deal with the change of the coupling state
between the power transmission antenna 3 and the power
reception antenna 5 in the condition that the value RL of the
load 6 is fixed.

As illustrated in FIGS. 5A to 5C, provided that the
coupling coefficient k is changed while the value RL of the
load 6 is fixed, the locus of the input impedance Zin at the
edge of the power transmission antenna varies particularly
around the axis corresponding to “X=0£2" in the horizontal
direction on the Smith chart. In addition, as mentioned
above, the locus is likely to be positioned towards the right
of'the Smith chart as the value RL of the load 6 is small (e.g.,
RL=10Q), positioned towards the left of the Smith chart as
the value RL of the load 6 is large (e.g., RL=200L), and
positioned substantially without slanting leftward or right-
ward if the value RL of the load 6 is a medium value (e.g.,
RL=50Q2).

Regarding FIGS. 6A to 6C used for the explanation of the
second embodiment, the further the point on the locus of the
input impedance Zin is positioned towards the right of the
Smith chart, the stronger the coupling strength between the
power transmission antenna 3 and the power reception
antenna 5 becomes (e.g., the gap between the power trans-
mission antenna 3 and the power reception antenna 5
becomes smaller). Namely, the further the point on the locus
of the input impedance Zin is positioned towards the left of
the Smith chart, the weaker the coupling becomes (e.g., the
gap becomes larger).

As illustrated in FIGS. 5A to 5C, the loci each indicating
the variation of the input impedance Zin at the edge of the
power transmission antenna in the condition that the cou-
pling coefficient k between the power transmission antenna
3 and the power reception antenna 5 is changed has a
common shape in that it varies particularly around the axis
corresponding to “X=0Q” in the horizontal direction on the
Smith charts even if the target value RL of the load 6 is
different. In consideration of the above fact, in order to
match the impedance at any point on the locus of the
impedance, it is only necessary to divide the Smith chart into
two areas, “area A” and “area B”, as illustrated in FIGS. 15A
and 15B, and to use the matching circuit appropriate for each
area.

FIGS. 16A and 16B each indicates an example of moving
the impedance from each point on the impedance locus
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existing in the area A or the area B to the matching point “P”.
As illustrated in FIG. 16A, in a case of a point on the
impedance locus existing in the area A, it is only necessary
to firstly increase the value of the variable capacitor con-
nected in parallel to the power transmission antenna 3 by a
correction amount “A1” thereby to move the target point to
the point “R”, and thereafter to increase the value of the
variable inductor connected in series between the power
transmission circuit 2 and the power transmission antenna 3
by a correction amount “A2” thereby to move the target
point to the matching point P. As illustrated in FIG. 16B, in
a case of a point on the impedance locus existing in the area
B, it is only necessary to firstly increase the value of the
variable inductor connected in series between the power
transmission circuit 2 and the power transmission antenna 3
by a correction amount “B1” thereby to move the target
point to the point “Q”, and thereafter to increase the value
of the variable capacitor connected in parallel on the side of
the power transmission circuit 2 by a correction amount
“B2” thereby to move the target point to the matching point
P.

In consideration of the above fact, the matching circuit for
matching a point on the impedance locus existing in the area
A can be expressed as FIG. 17A whereas the matching
circuit for matching a point on the impedance locus existing
in the area B can be expressed as FIG. 17B. Regarding this
embodiment, the circuit illustrated in FIG. 17A corresponds
to the first mode matching circuit 11, and the circuit illus-
trated in FIG. 17B corresponds to the second mode matching
circuit 12. It is only necessary to prepare these two types of
matching circuits.

Thus, the power transmission-side device 1 determines
the correction amounts Al and A2 and the correction
amounts B1 and B2 by means of theoretic calculation or
some measurements, and stores a look-up table in which the
correction amounts are associated with impedance values as
a matching correction amount table on the storage unit 25 in
advance, the correction amounts Al and A2 being necessary
for matching a point on the impedance locus existing in the
area A by use of the first mode matching circuit 11 corre-
sponding to FIG. 17A, the correction amounts B1 and B2
being necessary for matching a point on the impedance locus
existing in the area B by use of the second mode matching
circuit 12 corresponding to FIG. 17B. In this case, by
calculating the input impedance Zin at the edge of the power
transmission antenna, the power transmission-side device 1
can calculate the correction amounts necessary for matching
the impedance at a time.

FIGS. 18A and 18B each is a diagram schematically
indicating the approach for calculating the above-mentioned
correction amounts by theoretic calculation. FIG. 18A cor-
responds to a case of a point on the impedance locus existing
in the area A, and FIG. 18B corresponds to a case of a point
on the impedance locus existing in the area B.

According to FIG. 18A, by rotating a target point “Zin” on
the impedance locus clockwise, the intersection “A” thereof
with the equivalent resistance circle expressed by “r=1" is
specified and the correction amount “Ab” necessary for
moving the target point to the intersection is calculated.
Next, the correction amount “Ax” necessary for moving the
point A to the matching point by rotating the point A along
the equivalent resistance circle expressed by “r=1" is
obtained. The correction amount Ab and the correction
amount Ax correspond to the correction amount Al and the
correction amount A2 in FIG. 16A, respectively. On the

20

40

45

50

55

28

basis of the correction amounts Al and A2, the capacitance
value C and the inductance value L used as the control value
Tc can be identified.

According to FIG. 18B, by rotating a impedance point Zin
clockwise and specifying the intersection “D” thereof with
the equivalent conductance circle expressed by “g=1", the
correction amount “Ax” necessary for moving the target
point to the intersection is obtained. Next, the correction
amount “Ab” necessary for moving the point D to the
matching point by rotating the point D along the equivalent
conductance circle expressed by “g=1" is obtained. The
correction amount Lx and the correction amount Ab corre-
spond to the correction amount Bl and the correction
amount B2 in FIG. 16B, respectively. On the basis of the
correction amounts B1 and B2, the capacitance value C and
the inductance value L used as the control value Tc can be
identified.

Provided that only the area A is considered or that only the
area B is considered, any impedance point Zin on the input
impedance locus corresponds to one reflection coeflicient
absolute value II'l as the following equation (4) indicates.

@)

Zin_ZO|

Il =
Zin+2Zy

Thus, each impedance point Zin on the input impedance
locus is converted into the reflection coeflicient absolute
value II'l according to the equation (4), and the matching
correction amount table in which each converted value is
associated with a pair of the capacitance value C and the
inductance value L calculated by theoretic calculation is
prepared in advance.

Preferably, when the matching correction amount table is
prepared, quantization of the capacitance value C and the
inductance value L corresponding to the reflection coeffi-
cient absolute value II'l is performed by a predetermined
resolution necessary for an application. The term “quanti-
zation” herein indicates dividing a certain range of the
reflection coefficient absolute value IT'l into multiple ranges
in each of which the same inductance value L and the same
capacitance value C is used, and determining each repre-
sentative value (referred to as “quantization representative
value”) of the inductance value L and the capacitance value
C used in each of the divided ranges of the reflection
coeflicient absolute value II'l. Hereinafter, each boundary of
the ranges of the above-mentioned reflection coefficient
absolute value IT'l is referred to as “quantization boundary”.
The quantization is performed through iterative processing.

Specially, the quantization is performed by repeating the
calculation of the quantization representative value and the
quantization boundary one after the other so that the reflec-
tion coefficient absolute value II'l near the quantization
boundary is equal to or smaller than a predetermined thresh-
old “II'l,;,”. Preferably, the threshold IT'l,,, is set to 0.0707
that corresponds to a value capable of suppressing the
reflection loss within 0.5%, i.e., a value capable of achieving
the efficiency 99.5% if there is no other part generating the
loss. When the capacitance value C and the inductance value
L to be stored in the matching correction amount table are
determined by such a quantization, the capacitance value C
and the inductance value L are quantized so that the larger
the reflection coeflicient absolute value II'l is, the shorter the
quantizing interval becomes. In this way, by setting the
matching circuit with reference to the matching correction
amount table including the capacitance values C and the
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inductance values L after the quantization, the power trans-
mission-side device 1 can suppress the reflection loss after
the matching process continuously within a predetermined
threshold regardless of the value of the input impedance Zin.

FIGS. 19A to 19C each illustrates the matching correction
amount table prepared in conditions that each value RL of
the load 6 is set to “10£2”, “50Q” or “200€2”, and that the
power transmission antenna 3 and the power reception
antenna 5 (wherein inductance value 1.=8.64 nH, the capaci-
tance value C=17.49 pF, the loss resistance R=1.0Q, the
capacitance of a capacitor connected in parallel Ct=10.08
pF.) according to the embodiment are placed to face each
other, and that the coupling coefficient k is changed from
“0.01” to “0.3”. It is noted that these tables store the flag
information If specifying the mode of the matching circuit in
addition to the capacitance values C and the inductance
values L for the matching circuits. The index numbers Idx
are sequential serial numbers, and the larger the coupling
coefficient k of a row is, the larger the index number Idx is
allocated to the row. The storage unit 25 stores a plurality of
the matching correction amount tables prepared in this way
per value RL of the load 6.

By storing the matching correction amount tables each
having such a configuration on the storage unit 25, the power
transmission-side device 1 can determine which of the
matching correction amount tables to use based on the
estimated load value RLe. Furthermore, by referring to the
selected matching correction amount table based on the
input impedance Zin at the edge of the power transmission
antenna, the power transmission-side device 1 can determine
the matching circuit to be used and the control value Tc to
be applied to the matching circuit at one-time processing.

[Effect by Automatic Matching Operation]

Hereinafter, a description will be given of the effect by the
automatic matching operation by use of some examples.

FIGS. 20A and 20B each illustrates an example of a graph
indicating reduction of the reflection loss through the execu-
tion of the impedance matching process with reference to the
matching correction amount table illustrated in FIG. 19A in
a condition that the value RL of the load 6 is “10€2”. FIG.
20A indicates a case that the coupling coefficient k between
the power transmission antenna 3 and the power reception
antenna 5 is “0.064” (the width of the gap is 20 cm and the
misalignment in the horizontal direction is 0 cm). FIG. 20B
indicates a case that the coupling coefficient k is “0.021” (the
width of the gap is 35 cm, and the misalignment is O cm).

In the case of FIG. 20A, the input impedance Zin at the
edge of the power transmission antenna is “181.1-j26.1Q”.
Accordingly, when the matching correction amount table in
FIG. 19A is searched for the row having an impedance value
nearest to the input impedance, the row having the index
number Idx “6” is selected. In this case, the flag information
If of the row indicating the mode of the matching circuit is
“1”, and the capacitance value C is “93.2 pF”, and the
inductance value L is “1136.6 nH”, respectively. As illus-
trated in FIG. 20A, the value of “1-IS,,1*” at the drive
frequency “12.947 MHz” in a case (see graph G2) of no
addition of the matching circuit is 67.0% whereas the value
thereof in a case (see graph G1) that the capacitance value
C and the inductance value L as mentioned above are
applied to the selected first mode matching circuit 11 is
99.2%. As a result, improvement, i.e., reduction of the
reflection loss, by 32.2% is achieved due to the addition of
the matching circuit.

Next, in the case of FIG. 20B, the input impedance Zin at
the edge of the power transmission antenna is “20.8—j0.202”.
Accordingly, when the matching correction amount table in
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FIG. 19A is searched for the row having an impedance value
nearest to the input impedance, the row having the index
number Idx “3” is selected. In this case, the flag information
If of the row indicating the mode of the matching circuit is
“2”, and the capacitance value C is “314.6 pF”, and the
inductance value L is “300.2 nH”, respectively. As illus-
trated in FIG. 203, the value of “1-IS,,1*” at the drive
frequency “12.947 MHz” in a case (see graph G4) of no
addition of the matching circuit is 83.0% whereas the value
thereof in a case (see graph G3) that the capacitance value
C and the inductance value L as mentioned above are
applied to the selected second mode matching circuit 12 is
99.8%. As a result, the reduction of the reflection loss by
16.8% 1is achieved due to the addition of the matching
circuit.

In this way, the power transmission-side device 1 accord-
ing to the first embodiment stores the matching correction
amount tables each corresponding to a different value RL of
the load 6 of the power reception-side device 4 on the
storage unit 25, and calculates the estimated load value RLe
to select the matching correction amount table to be used.
Thereafter, the power transmission-side device 1 specifies
the input impedance Zin at the edge of the power transmis-
sion antenna. Thereby, it is possible to automatically and
promptly construct a proper matching circuit at one-time
processing.

[Matching-State Tracking Operation]

Next, a description will be given of the matching-state
tracking operation according to the first embodiment. The
operation is executed for keeping the matching state after the
first completion of the impedance matching process.

First, a description will be given of the necessity of the
matching-state tracking operation. It is hereinafter assumed
that for the purpose of the rated electric power transmission
in a state that the power transmission antenna 3 and the
power reception antenna 5 are placed to face each other, the
matching circuit has already been configured to be most
suitable for the input impedance Zin depending on the
coupling state between the power transmission antenna 3
and the power reception antenna 5 and the value RL of the
load 6 of the power reception-side device 4 through the
execution of the automatic matching operation (this opera-
tion is generally executed in a state that the output is
narrowed down). In this case, the power transmission circuit
2 proceeds with the rated electric power transmission. Here,
it is supposed that the positional relationship between the
power transmission-side device 1 and the power reception-
side device 4 is relatively changed during the electric power
transmission in the matching state. Such a situation could
occur when the electric power transmission is performed for
a moving object such as an electric vehicle. In this case, if
the positional relationship between the power transmission-
side device 1 and the power reception-side device 4 is
relatively changed, the input impedance Zin at the edge of
the power transmission antenna becomes different from the
value set by the matching the impedance of the previous
automatic matching operation. As a result, the mismatch
thereof happens again. In this case, there is a necessity of
prompt detection of the mismatch from the matching state
and another matching process with respect to the changed
input impedance Zin. In consideration of the above fact, the
matching-state tracking operation according to the first
embodiment tracks the variation of the coupling state
between the power transmission antenna 3 and the power
reception antenna 5, and properly determines the mode of
the matching circuit and the control value Tc to be applied
to the matching circuit thereby to keep the matching state.
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Next, a description will be given of the process of the
matching-state tracking operation. In the matching-state
tracking operation, as with the automatic matching opera-
tion, the locus (see FIGS. 5A to 5C) of the input impedance
Zin at the edge of the power transmission antenna at the time
of changing the coupling state (e.g., gap) between the power
transmission antenna 3 and the power reception antenna 5 is
also used. Each of the loci of the impedance indicated by
FIGS. 5A and 5C is determined in a state that the coupling
state is changed while the value RL of the load 6 of the
power reception-side device 4 is fixed, and these loci of the
impedance are used in the first embodiment.

If the value RL of the load 6 of the power reception-side
device 4 is not changed, the input impedance Zin at the edge
of the power transmission antenna exists on the locus of the
impedance indicated by FIGS. 5A to 5C. The mode of the
matching circuit and the control value Tc to be applied to the
matching circuit which are necessary in order to match an
impedance point existing on the locus of the impedance are
included in the matching correction amount table prepared
per load value as illustrated in FIGS. 19A to 19C. Thus, in
the matching-state tracking operation executed after the
first-time matching state, the power transmission-side device
1 only has to change the row (i.e., index number Idx) to be
used in the matching correction amount table by continu-
ously referring to the matching correction amount table also
used in the automatic matching operation.

In consideration of the above fact, regarding the match-
ing-state tracking operation, the power transmission-side
device 1 detects in which direction, either the left or the right
(the coupling state is weakened as the position shifts to the
left and strengthened as the position shifts to the right), the
matching state corresponding to a particular impedance
value shifts on the locus of the impedance indicated by
FIGS. 5A to 5C. Namely, the power transmission-side
device 1 detects whether the matching state shifts on either
the upper side or the downside (the coupling state is weak-
ened as the position shifts toward the upper side and
strengthened as the position shifts toward the downside)
from the presently-used row of the matching correction
amount table. Then, the power transmission-side device 1
changes the configuration of the matching circuit toward the
proper direction. As indicated above, in the matching cor-
rection amount table stored on the storage unit 25, the index
numbers Idx are sequential serial numbers, and the larger the
coupling coefficient k of a row is, the larger index number
Idx is allocated to the row as illustrated in FIGS. 19A to 19C.

(Readout Direction Determination Method)

Hereinafter, a description will be given of the method of
determining in which direction the matching state shifts, the
direction where the coupling is strengthened or the direction
where the coupling is weakened. The process is executed by
the phase difference calculation/determination unit 16 and
the adjustment direction determination unit 18.

First, with reference to FIGS. 21A to 21C, a description
will be given of the relationship between the waveform of
the incident wave voltage and the waveform of the reflective
wave voltage in the case that the coupling strength shifts
toward the direction where the coupling is strengthened.

Concretely, FIG. 21A illustrates the waveform of the
incident wave voltage and the waveform of the reflective
wave voltage in conditions that the value RL of the load 6
is “10€2” and that the coupling coefficient k is strengthened
in steps as “0.08”, “0.12” and “0.2” after the first matching
process in a condition that the coupling coeflicient k between
the power transmission antenna 3 and the power reception
antenna 5 is “0.064”.
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FIG. 21B illustrates the waveform of the incident wave
voltage and the waveform of the reflective wave voltage in
conditions that the value RL of the load 6 is “50€2” and that
the coupling coeflicient k is strengthened in steps as “0.08”,
“0.12” and “0.2” after the first matching process in a
condition that the coupling coefficient k between the power
transmission antenna 3 and the power reception antenna 5 is
“0.064”.

FIG. 21C illustrates the waveform of the incident wave
voltage and the waveform of the reflective wave voltage in
conditions that the value RL of the load 6 is “200€2” and that
the coupling coeflicient k is strengthened in steps as “0.08”,
“0.12” and “0.2” after the first matching process in a
condition that the coupling coefficient k between the power
transmission antenna 3 and the power reception antenna 5 is
“0.064”.

Next, FIGS. 22A to 22C each illustrates the relationship
between the waveform of the incident wave voltage and the
waveform of the reflective wave voltage in a condition that
the coupling strength shifts toward the direction where the
coupling is weakened.

Concretely, FIG. 22A illustrates the waveform of the
incident wave voltage and the waveform of the reflective
wave voltage in conditions that the value RL of the load 6
is “100” and that the coupling coefficient k is weakened in
steps as “0.055”, “0.04” and “0.02” after the first matching
process in a condition that the coupling coefficient k between
the power transmission antenna 3 and the power reception
antenna 5 is “0.064”.

FIG. 22B illustrates the waveform of the incident wave
voltage and the waveform of the reflective wave voltage in
conditions that the value RL of the load 6 is “50€2” and that
the coupling coefficient k is weakened in steps as “0.055”,
“0.04” and “0.02” after the first matching process in a
condition that the coupling coefficient k between the power
transmission antenna 3 and the power reception antenna 5 is
“0.064”.

FIG. 22C illustrates the waveform of the incident wave
voltage and the waveform of the reflective wave voltage in
conditions that the value RL of the load 6 is “200€2” and that
the coupling coeflicient k is weakened in series as “0.055”,
“0.04” and “0.02” after the first matching process in a
condition that the coupling coefficient k between the power
transmission antenna 3 and the power reception antenna 5 is
“0.064”.

As illustrated in FIGS. 21A to 21C, when the positional
relationship between the power transmission antenna 3 and
the power reception antenna 5 is relatively changed in the
direction of the strong coupling after the first matching
process, the phase of the reflective wave voltage Vr lags
behind the phase of the incident wave voltage VI In
contrast, as illustrated in FIGS. 22A to 22C, when the
coupling strength shifts in the direction of the weak coupling
after the first matching process, the phase of the incident
wave voltage Vflags behind the phase of the reflective wave
voltage Vr. These relationships concerning the phase can be
applied to any value RL of the load 6.

In consideration of the above fact, the power transmis-
sion-side device 1 continues to monitor the phase relation-
ship between the incident wave voltage V{ and the reflective
wave voltage Vr after the first matching process, and it
determines that the coupling strength between the power
transmission antenna 3 and the power reception antenna 5
becomes stronger if the phase of the reflective wave voltage
Vr lags against the phase of the incident wave voltage V. In
this case, with reference to the row existing in such a
direction that the coupling coefficient k (the index Idx)
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becomes larger in the matching correction amount table, i.e.,
the row existing in the downward direction with respect to
the present row in the matching correction amount table, the
power transmission-side device 1 applies the control value
Tc in the reference row to the matching circuit indicated by
the flag information If in the reference row.

In contrast, the power transmission-side device 1 deter-
mines that the coupling strength between the power trans-
mission antenna 3 and the power reception antenna 5
becomes weaker if the phase of the reflective wave voltage
Vr is ahead of the phase of the incident wave voltage V1. In
this case, with reference to the row existing in such a
direction that the coupling coefficient k (the index Idx)
becomes smaller in the matching correction amount table,
i.e., the row existing in the upward direction with respect to
the present row in the matching correction amount table, the
power transmission-side device 1 applies the control value
Tc in the reference row to the matching circuit indicated by
the flag information If in the reference row.

By executing such a process, the power transmission-side
device 1 can keep the matching state even if the input
impedance Zin at the edge of the power transmission
antenna varies due to the change of the coupling state
between the power transmission antenna 3 and the power
reception antenna 5. Preferably, the power transmission-side
device 1 continues to monitor the reflection coefficient
absolute value II'l at all times after the first matching
process. Then, if the reflection coefficient absolute value IT'l
is equal to or smaller than a threshold II'l,,, set as a
specification of the system, the power transmission-side
device 1 does not perform the above-mentioned matching-
state tracking operation. In contrast, if the reflection coef-
ficient absolute value II'l is larger than the threshold IT'l,,,,
the power transmission-side device 1 identifies the phase
relationship between the incident wave voltage V1 and the
reflective wave voltage Vr, and changes the configuration of
the matching circuit by changing the row to be used in the
matching correction amount table. Thereby, the power trans-
mission-side device 1 can keep the reflection coefficient
absolute value II'l equal to or smaller than the threshold
II'l,;,. at all times, and suppress the reflection loss. The
concrete procedure of the process will be described in the
section [Process Flow] to be mentioned later.

Next, with reference to FIGS. 23A to 25B, a description
will be given of an example of the matching-state tracking
operation in a condition that the value RL of the load 6 is
“100”. Each example indicated by FIGS. 23A to 25B
illustrates a case of the mismatch caused by the transition of
the coupling coefficient k from “0.064” to “0.1” after the first
matching process with reference to the row corresponding to
the index Idx “6” illustrated in FIG. 19A. Concretely, FIG.
23Aindicates a graph of 1-IS,,1° just after the first matching
process in a state that the coupling coeflicient k is “0.064”.
FIG. 23B indicates graphs of the waveform of the incident
wave voltage and the waveform of the reflective wave
voltage at the drive frequency in the case of FIG. 23A. FIG.
24A indicates a graph of 1-1,,1? in a state that the coupling
coefficient k varies from “0.064” to “0.1” after the first
matching process. FIG. 24B indicates graphs of the wave-
form of the incident wave voltage and the waveform of the
reflective wave voltage at the drive frequency in the case of
FIG. 24A. FIG. 25A indicates a graph of the value
“1-1S,,1*” after execution of the matching-state tracking
operation. FIG. 25B indicates graphs of the waveform of the
incident wave voltage and the waveform of the reflective
wave voltage at the drive frequency in the case of FIG. 25A.
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As illustrated in FIGS. 23A and 23B, just after the
automatic matching operation is performed in the initial
state at the drive frequency “12.947 MHz”, almost 100% of
the electric power is inputted to the power transmission
antenna 3 and the level of the reflective wave is also low. At
that time, the selected index number Idx in the matching
correction amount table is “6”. When the configuration of
the matching circuit is unchanged and the coupling coeffi-
cient k is changed to “0.1”, the level of the reflective wave
has increased due to further mismatch, and the value
“1-1S,,1*” has decreased (to 88%) as indicated by FIGS.
24A and 24B.

In this case, on the basis of the phase relationship between
the incident wave voltage Vf and the reflective wave voltage
Vr, the power transmission-side device 1 detects the change
of the coupling state. Concretely, the power transmission-
side device 1 determines that the coupling strength becomes
stronger due to the phase delay of the reflective wave voltage
Vr with respect to the incident wave voltage V. Thus, in this
case, on the basis of the row existing in such a direction that
the coupling strength becomes stronger in the matching
correction amount table, i.e., the row of the index number
Idx ““7” larger than the presently-used index number Idx “6”,
the power transmission-side device 1 updates the configu-
ration of the matching circuit. Accordingly, as illustrated in
FIGS. 25A and 25B, the power transmission-side device 1
becomes the matching state again.

[Determination Method of Step Width]

Next, a description will be given of the determination
method of the step width Widx based on the reflection
coeflicient absolute value IT.

In the examples illustrated in FIGS. 23A to 25B men-
tioned above, the step width Widx is fixed at “1”. However,
with the rapid change of the reflection coefficient, a large
amount of time is possibly taken to search for the index
number Idx corresponding to the desired control value Tc if
the control value Tc is updated through shifts of the index
number Idx one by one. Namely, when electric power is
supplied to a moving body by use of electromagnetic-field
resonance coupling, the rapid changes of the gap between
the power transmission antenna 3 and the power reception
antenna 5 and the misalignment thereof possibly happen
with large variation widths. In such a case, it is anticipated
that the above-mentioned variation widths in the period
when the reflection coeflicient absolute value II'l is moni-
tored become fairly large. In preparation for such a case,
preferably, the power transmission-side device 1 flexibly
determines the step width Widx in accordance with the
variation width of the reflection coefficient absolute value in
IT'l from the matching state. Thereby, the power transmis-
sion-side device 1 can promptly match the impedance even
when the coupling state between the power transmission
antenna 3 and the power reception antenna 5 rapidly varies.

Concretely, a method of changing the step width Widx by
use of the following criteria can be considered,

“Widx=1" if “the variation width of IT'1<0.15”,
“Widx=2" if “the variation width of IT'1<0.30”,
“Widx=3" if “the variation width of [T'1<0.45”, and
“Widx=4" if “the variation width of [I'120.45”. For

example, the power transmission-side device 1 stores a
table of proper step widths Widx each corresponding to
a different variation width of the reflection coefficient
absolute value IT'l on the storage unit 25 in advance.
The above-mentioned table is prepared based on
experimental trials, for example. By determining the
step width Widx with reference to the table based on the
variation width of the reflection coefficient absolute
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value II'l, the power transmission-side device 1 can
promptly recover the matching state even when the
coupling state between the power transmission antenna
3 and the power reception antenna 5 rapidly varies.

[Process Flow]

Next, a description will be given of a procedure of the
process according to the first embodiment. Hereinafter, after
the explanation of the procedure of the process of the
automatic matching operation with reference to first flow to
third flow each illustrated in FIGS. 26 to 28, a description
will be given of the procedure of the process of the match-
ing-state tracking operation with reference to fourth flow
illustrated in FIG. 29.

(First Flow)

FIG. 26 is a flowchart indicating a procedure of the
process executed by the power transmission-side device 1 in
the first embodiment. The power transmission-side device 1
executes the process of the first flow indicated by FIG. 26 at
a predetermined timing.

First, the matching circuit selection unit 23 of the power
transmission-side device 1 sets the switch units 13 and 14 to
the through circuit 30 (step S101). Then, the power trans-
mission circuit 2 of the power transmission-side device 1
outputs small electric power from the power transmission
antenna 3 prior to the transmission of the rated electric
power (step S102).

Next, the power transmission-side device 1 sends the
power reception-side device 4 a signal for requesting the
estimation of the value RL of the load 6 via the communi-
cation control unit 75 (step S103). Thereafter, the power
reception-side device 4 which has received the signal
executes the process of the second flow to be described later.
Then, the power transmission-side device 1 determines
whether or not the load estimation has been completed (step
S104). Particularly, the power transmission-side device 1
determines whether or not it has received the estimated load
value RLe from the power reception-side device 4 via the
communication control 75. If the load estimation has not
been completed yet (step S104; No), the power transmis-
sion-side device 1 continues to monitor whether or not the
load estimation has been completed. In contrast, if the load
estimation has been completed (step S104; Yes), the table
selection unit 27 of the power transmission-side device 1
selects the matching correction amount table corresponding
to the load value nearest to the estimated load value RLe
(step S105). Then, the power transmission-side device 1
starts the process (i.e., automatic matching process) indi-
cated by the third flow to be described later (step S106).

(Second Flow)

FIG. 27 is a flowchart indicating a procedure of the
process executed by the load estimation unit 7 of the power
reception-side device 4 in the first embodiment. The load
estimation unit 7 executes the process of the second flow
indicated by FIG. 27 when the load estimation unit 7
receives the signal for requesting the estimation of the load
value from the communication control unit 75 at step S103
in FIG. 26.

First, the load estimation unit 7 measures the voltage of
the load 6 and the current flowing in the load 6 (step S201).
Concretely, the current value determination unit 71 detects
the detected current value le while the voltage value detec-
tion unit 72 detects the detected voltage value Ve. Then, the
load estimation unit 7 estimates the value RL of the load 6
(step S202). Concretely, the load value calculation unit 73 of
the load estimation unit 7 calculates the estimated load value
RLe by dividing the detected voltage value Ve by the
detected current value Ie. The load estimation unit 7 sends
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the estimated load value RLe to the power transmission-side
device 1 via the communication control unit 74 (step S203).

(Third Flow)

FIG. 28 is a flowchart indicating a procedure of the
process of the third flow executed by the power transmis-
sion-side device 1. The power transmission-side device 1
executes the process of the third flow in FIG. 28 when
proceeding with the process at step 106 of the first flow in
FIG. 26.

First, the matching circuit selection unit 23 of the power
transmission-side device 1 connects the switch units 13 and
14 to the through circuit 30 and outputs small electric power
from the power transmission antenna 3 (step S301). Next,
the reflection coefficient calculation unit 17 of the power
transmission-side device 1 measures each absolute value of
the incident wave voltage Vf and the reflective wave voltage
Vr extracted by the incident-wave/reflective-wave extraction
unit 15 (step S302). The reflection coefficient calculation
unit 17 calculates the reflection coefficient absolute value IT'l
by referring to the equation (1) (step S303).

Next, the power transmission-side device 1 determines
whether or not the reflection coefficient absolute value Il is
equal to or smaller than the threshold IT'l ;. (step S304). If
the power transmission-side device 1 determines that the
reflection coefficient absolute value II'l is equal to or smaller
than the threshold IT'l,,,, (step S304; Yes), the power trans-
mission-side device 1 determines that it has already been in
the matching state and that it does not need any more
matching process. Accordingly, the power transmission-side
device 1 ends the process of the flowchart.

In contrast, if the reflection coeflicient absolute value IT'|
is larger than the threshold II'l,,, (step S304; No), the
matching process from step S305 to step S312 is performed.
Concretely, the phase difference calculation/determination
unit 16 firstly measures the phase difference 6 between the
incident wave voltage VT and the reflective wave voltage Vr
according to the equation (2) (step S305). Then, the phase
difference calculation/determination unit 16 or the reflection
coeflicient calculation unit 17 calculates the complex reflec-
tion coefficient I' from the reflection coefficient absolute
value II'l and the phase difference 0 (step S306), and
converts the complex reflection coefficient I' to the input
impedance Zin based on the equation (3) (step S307).

Next, the readout position determination unit 24 searches
the matching correction amount table selected according to
the first flow for the row having the impedance value nearest
to the calculated input impedance Zin and selects it (step
S308). Then, the readout position determination unit 24
supplies the matching circuit selection unit 23 with the flag
information If of the selected row to let the matching circuit
selection unit 23 determine the matching circuit to be used
(step S309). Furthermore, the control value output unit 26
sets the capacitance value C and the inductance value L. of
the selected row as the control value Tc to be used (step
S310). Then, the control value output unit 26 applies the
capacitance value C and the inductance value L. to the
selected matching circuit (step S311). Thereafter, on the
basis of the flag information If, the matching circuit selec-
tion unit 23 connects the switch units 13 and 14 to the
matching circuit to be used (step S312).

(Fourth Flow)

FIG. 29 is a flowchart indicating a procedure of the
process executed by the power transmission-side device 1
according to the first embodiment. The power transmission-
side device 1 executes the process of the fourth flow
illustrated in FIG. 29 after executing the process of the third
flow.
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First, the reflection coefficient calculation unit 17 of the
power transmission-side device 1 measures each absolute
value of the incident wave voltage Vf and the reflective
wave voltage Vr extracted by the incident-wave/reflective-
wave extraction unit 15 (step S401). Then, the reflection
coeflicient calculation unit 17 calculates the reflection coef-
ficient absolute value II'l by referring to the equation (1)
(step S402).

Next, the power transmission-side device 1 determines
whether or not the reflection coefficient absolute value Il is
equal to or smaller than the threshold IT'l ;. (step S403). If
the power transmission-side device 1 determines that the
reflection coefficient absolute value II'l is equal to or smaller
than the threshold IT'l,,,, (step S403; Yes), the power trans-
mission-side device 1 determines that it has already been in
the matching state and that it does not need any more
matching process. Accordingly, the power transmission-side
device 1 returns the process to step S401, and continues to
monitor whether or not the reflection coefficient absolute
value II'l is equal to or smaller than the threshold IT'l,,.

In contrast, if the reflection coeflicient absolute value Tl
is larger than the threshold II'l ;.. (step S403; No), the phase
difference calculation/determination unit 16 identifies the
phase relationship between the incident wave voltage Vfand
the reflective wave voltage Vr (step S404). Concretely, the
phase difference calculation/determination unit 16 deter-
mines whether or not the phase of the reflective wave
voltage Vr is behind the phase of the incident wave voltage
VT (step S405).

Then, if the phase difference calculation/determination
unit 16 determines that the phase of the reflective wave
voltage Vr is behind the phase of the incident wave voltage
VT (step S405; Yes), it determines that the state varies in
such a direction that the coupling strength between the
power transmission antenna 3 and the power reception
antenna 5 becomes stronger. Then, in this case, the adjust-
ment direction determination unit 18 sets the readout direc-
tion of the matching correction amount table to the direction
where the coupling strength becomes stronger (step S406).
Namely, in the case of the matching correction amount table
illustrated in FIGS. 19A to 19C, the adjustment direction
determination unit 18 sets the readout direction to the
direction where the index number Idx becomes larger. Then,
the adjustment step width determination unit 19 determines
the step width Widx in accordance with the reflection
coeflicient absolute value IT (step S407). For example, on
the basis of a predetermined ratio (proportional constant) to
be used in the case that the coupling strength becomes
stronger, the adjustment step width determination unit 19
determines the step width Widx from the reflection coeffi-
cient absolute value II'l.

In contrast, when the phase difference calculation/deter-
mination unit 16 determines that the phase of the reflective
wave voltage Vr is preceding the phase of the incident wave
voltage VT (step S405; No), it recognizes that the state is
changed so that the coupling strength between the power
transmission antenna 3 and the power reception antenna 5
becomes weaker. In this case, the adjustment direction
determination unit 18 sets the readout direction of the
matching correction amount table to the direction where the
coupling strength becomes weaker (step S408). Namely, in
the case of the matching correction amount tables illustrated
in FIGS. 19A to 19C, the adjustment direction determination
unit 18 sets the readout direction to the direction where the
index number Idx becomes smaller. Then, the adjustment
step width determination unit 19 determines the step width
Widx in accordance with the reflection coefficient absolute
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value II'l (step S409). For example, on the basis of a
predetermined ratio (proportional constant) to be used in the
case that the coupling strength becomes weaker, the adjust-
ment step width determination unit 19 determines the step
width Widx from the reflection coefficient absolute value
IT.

After the execution of step S407 or step S409, on the basis
of'the determined readout direction and the step width Widx,
the readout position determination unit 24 specifies the
index number Idx of the row to be read out from the
already-selected matching correction amount table (step
S410). Then, the control value output unit 26 reads out the
capacitance value C and the inductance value L of the row
having the specified index number Idx, and applies these
values to the matching circuit identified by the flag infor-
mation If of the row having the specified index number Idx.
The matching circuit selection unit 23 switches the switch
units 13 and/or 14 based on the above-mentioned flag
information If if necessary (step S411). Then, the power
transmission-side device 1 returns the process back to step
S401.

It is noted that each process at step S407 and step S409 is
not an essential process, and that the power transmission-
side device 1 may omit the process at step S407 and step
S409 if a predetermined value is used as the step width
Widx.

<Second Embodiment>

Next, a description will be given of the second embodi-
ment. Regarding the second embodiment, a description will
be given of a case that the value RL of the load 6 varies while
the coupling coefficient k does not vary. In summary, the
electric power transmission system estimates the coupling
coeflicient k and the input impedance Zin at the edge of the
power transmission antenna, and on the basis of these
estimate values, determines the matching circuit to be used
and the control value Tc to be applied to the matching circuit
with reference to the matching correction amount table.
Thereby, the electric power transmission system matches the
input impedance Zin at the edge of the power transmission
antenna to the output impedance of the power transmission
circuit. In addition, after once becoming the matching state,
the electric power transmission system keeps the matching
state through the matching-state tracking operation for keep-
ing the matching state.

[Schematic Configuration]

FIG. 30 illustrates a schematic configuration of the elec-
tric power transmission system according to the second
embodiment. The second embodiment is different from the
first embodiment in that the value RL of the load 6 varies and
that the storage unit 25 stores the matching correction
amount tables each corresponding to a different coupling
coefficient k to deal with the case that the value RL of the
load 6 varies. Then, the power transmission-side device 1
executes the automatic matching operation in the initial state
and executes the matching-state tracking operation after the
automatic matching operation. Hereinafter, the same ele-
ments as the first embodiment will be arbitrarily provided
with the same reference numbers and the explanation thereof
will be omitted.

The coupling coeflicient estimation unit 8 estimates the
coupling coeflicient k between the power transmission
antenna 3 and the power reception antenna 5 prior to the
transmission of the rated electric power. Concretely, the
distance sensor 81 measures the distance between the power
transmission-side device 1 and the power reception-side
device 4. The distance-to-coupling coeflicient conversion
unit 82 calculates the coupling coefficient k from the dis-
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tance measured by the distance sensor 81 with reference to
a conversion table between the distance and the coupling
coefficient k stored in the memory in advance. FIG. 31
illustrates a graph indicating the relationship of the coupling
coeflicient k with the distance between the power transmis-
sion antenna 3 and the power reception antenna 5. The
distance-to-coupling coefficient conversion unit 82 stores
such a conversion table illustrated in FIG. 31 indicating the
correspondence of the distance to the coupling coefficient k
on its memory in advance.

On the basis of the reflection coefficient estimation value
ke calculated by the coupling coefficient estimation unit 8,
the table selection unit 27 selects the matching correction
amount table to be used from a plurality of matching
correction amount tables each corresponding to a different
coupling coefficient k stored on the storage unit 25.

A description will be given of the matching correction
amount tables stored on the storage unit 25 in the second
embodiment FIG. 32 illustrates an example of the matching
correction amount table corresponding to the case that the
coupling coefficient k is “0.07”. The matching correction
amount table illustrated in FIG. 32 has the capacitance
values C and the inductance values I necessary for matching
the input impedance Zin to “50Q” in a case that the value RLL
of the load 6 of the power reception-side device 4 is within
the range of “10€2” to “5009Q”. In addition, as with the first
embodiment, the flag information If indicating which of the
first mode matching circuit 11 and the second mode match-
ing circuit 12 to use is also stored in each matching correc-
tion amount table.

For example, provided that the input impedance Zin
inputted to the readout position determination unit 24 is
“27+j0Q2”, the readout position determination unit 24 selects
the row of the index number Idx “7” including the imped-
ance value (R=25.040Q2, X=1.435Q) nearest to the input
impedance Zin, and specifies that the flag information If is
“27”, and that the capacitance value C is “245.462 pF”, and
that the inductance value L is “289.678 nH”. Then, the
readout position determination unit 24 supplies the matching
circuit selection unit 23 with the flag information If corre-
sponding to information on the mode of the matching circuit.

On the basis of the supplied flag information If indicating
“2”, the matching circuit selection unit 23 controls the
switch units 13 and/or 14 so that the second mode matching
circuit 12 is connected between the power transmission
circuit 2 and the power transmission antenna 3. The capaci-
tance value C and the inductance value L are supplied to the
control value output unit 26, and the control value output
unit 26 applies these values to the variable capacitor unit and
the variable inductance unit of the matching circuit. FIG. 33
illustrates the matching circuit determined in such a way
mentioned above.

In this way, according to the second embodiment, as with
the first embodiment, by obtaining the input impedance Zin
at the edge of the power transmission antenna and referring
to the selected matching correction amount table, the power
transmission-side device 1 can promptly match the imped-
ance between the power transmission circuit 2 and the power
transmission antenna 3. For example, when electric vehicles
will become popular in the future and an electric vehicle
stopping at a traffic intersection will be charged by a battery
charger provided on the road surface, it will be necessary to
start the charge after the stop of the vehicle as soon as
possible. In such a situation, automatic completion of the
impedance matching as soon as possible will lead to prompt
transition to a rated electric power transmission.
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[Matching Correction Amount Table]

Next, a description will be given of the matching correc-
tion amount table stored on the storage unit 25 in advance
according to the second embodiment. The matching correc-
tion amount tables used in both the first embodiment and the
second embodiment are generated based on the locus of the
variation of the input impedance Zin at the edge of the power
transmission antenna illustrated in FIGS. SA to 6C. FIGS.
6A to 6C each indicates a locus of the input impedance Zin
in the case of changing the value RL of the load 6 while
fixing the coupling coeflicient k between the power trans-
mission antenna 3 and the power reception antenna 5.
Hereinafter, a description will be given of the case that the
matching correction amount table is prepared based on the
impedance locus illustrated in FIGS. 6A to 6C, since in the
second embodiment, the value RL of the load 6 of the power
reception-side device 4 varies while the coupling coefficient
k is fixed as mentioned above.

As illustrated in FIGS. 6A to 6C, if the load value RL is
changed while the coupling coefficient k is fixed, each of the
loci of the input impedance Zin at the edge of the power
transmission antenna varies particularly around the axis
corresponding to “X=0Q” in the horizontal direction on the
Smith chart as with the loci in FIGS. 5A to 5C. The loci of
the input impedance Zin has a tendency to be relatively
positioned towards the left if the coupling coefficient k is a
small value (e.g., “k=0.030"), towards the right if the
coupling coeflicient k is a large value (e.g., “k=0.120"), and
substantially without slanting leftward or rightward if the
coupling coefficient k is a medium value such as “k=0.064".

As illustrated in FIGS. 6A to 6C, each locus indicating the
variation of the input impedance Zin at the edge of the power
transmission antenna at the time when the value RL of the
load 6 of the power reception-side device 4 is changed has
a common shape in that it varies particularly around the axis
corresponding to “X=0Q” in the horizontal direction on the
Smith chart even if the target coupling coefficient k is
different. Thus, in order to match the impedance at any point
on the locus of the impedance, it is only necessary to divide
the Smith chart into two area, the area A and the area B, as
illustrated in FIGS. 15A and 15B according to the first
embodiment, and to use the matching circuit appropriate for
each area. Namely, the same way as the first embodiment
can be applied to the second embodiment.

Concretely, as illustrated in FIGS. 16A to 16C, in a case
that a point on the impedance locus exists in the area A, it
is only necessary to increase the value of the variable
capacitor connected in parallel to the power transmission
antenna 3 by a correction amount Al thereby to move the
target point to the point R, and thereafter to increase the
value of the variable inductor connected in series between
the power transmission circuit 2 and the power transmission
antenna 3 by a correction amount A2 thereby to move the
target point to the matching point P. In a case that a point on
the impedance locus exists in the area B, the value of the
variable inductor connected in series between the power
transmission circuit 2 and the power transmission antenna 3
is increased by a correction amount B1 thereby to move the
target point to the Q at first, and thereafter the value of the
variable capacitor connected in parallel on the side of the
power transmission circuit 2 is increased by a correction
amount B2 thereby to move the target point to the matching
point P. The explanation thereof is the same as the expla-
nation in the first embodiment.

The configurations of the matching circuits for matching
an impedance point existing in each of the areas A and B are
the same as the configurations according to the first embodi-



US 9,484,881 B2

41

ment, and they are illustrated in FIGS. 17A and 17B. As with
the first embodiment, FIG. 17A corresponds to the first mode
matching circuit 11 and FIG. 17B corresponds to the second
mode matching circuit 12. Thus, the power transmission-
side device 1 only has to prepare these two patterns of
circuits as the matching circuits.

The matching correction amount table is also prepared in
the same way as the first embodiment. The power transmis-
sion-side device 1 determines the correction amounts Al and
A2 and the correction amounts B1 and B2 by means of
theoretic calculation (see FIGS. 18A and 18B) or some
measurements, and previously stores a look-up table in
which the calculated values are associated with the imped-
ance values as a matching correction amount table on the
storage unit 25 for example. Here, the correction amounts
Al and A2 are necessary for matching an impedance point
existing in the area A by use of the matching circuit
corresponding to FIG. 17A, and the correction amounts B1
and B2 are necessary for matching an impedance point
existing in the area B by use of the matching circuit
corresponding to FIG. 17B. In this way, by calculating the
input impedance Zin at the edge of the power transmission
antenna, the power transmission-side device 1 can obtain the
correction amounts necessary for the matching process at a
time.

FIGS. 34 A to 34C each illustrates the matching correction
amount table prepared through theoretic calculation in con-
ditions that each coupling coefficient k is set to “0.03”,
“0.07” or “0.15”, and that the power transmission antenna 3
and the power reception antenna 5 (wherein inductance
value [.=8.64 nH, the capacitance value C=17.49 pF, the loss
resistance R=1.0Q, the capacitance of a capacitor connected
in parallel Ct=10.08 pF) according to the embodiment are
placed to face each other, and that the value RL of the load
6 is changed from “10Q” to “500€2”. It is noted that these
tables include the flag information If specifying the mode of
the matching circuit in addition to the capacitance value C
and the inductance value L to be applied to each matching
circuit. The index numbers Idx are sequential serial num-
bers, and the larger the impedance value (load) of a row is,
the larger the index number Idx is allocated to the row. The
storage unit 25 stores a plurality of the matching correction
amount tables prepared in this way per coupling coeflicient
k.

By using the matching correction amount table having
such a configuration, the power transmission-side device 1
can determine which of the matching correction amount
tables to use through the calculation of the coupling coef-
ficient k between the power transmission antenna 3 and the
power reception antenna 5. Furthermore, by calculating the
value of the input impedance Zin at the edge of the power
transmission antenna, the power transmission-side device 1
can determine the matching circuit to be used and the control
value Tc to be applied to the matching circuit at one-time
processing on the basis of the selected matching correction
amount table.

[Effect by Automatic Matching Operation]

Hereinafter, a description will be given of the effect by the
automatic matching operation by use of some examples.

FIGS. 35A and 35B illustrate examples of graphs indi-
cating the reduction of the reflection loss through the execu-
tion of the impedance matching process with reference to the
matching correction amount table illustrated in FIG. 34B in
a condition that the coupling coefficient k is “0.07”. FIG.
35A indicates a case that the value RL of the load 6 is “15£2”,
and FIG. 35B indicates a case that the value RL of the load
6 is “200Q”.
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In the case of FIG. 35A, the input impedance Zin at the
edge of the power transmission antenna is “150.3—j17.05Q”.
Accordingly, when the matching correction amount table in
FIG. 34B is searched for the row having an impedance value
nearest thereto, the row having the index number Idx “2” is
selected. In this case, the flag information If of the row
indicating the mode of the matching circuit is “1”, and the
capacitance value C is “106.3 pF”, and the inductance value
L is “879.1 nH”. As illustrated in FIG. 35A, the value of
“1-1S,,1*” at the drive frequency “12.947 MHz” in a case
(see graph G41) of no addition of the matching circuit is
74.4% whereas the value thereof in a case (see graph G40)
that the capacitance value C and the inductance value L as
mentioned above are applied to the selected first mode
matching circuit 11 is 100.0%. As a result, improvement,
i.e., reduction of the reflection loss, by 25.6% is achieved
due to the addition of the matching circuit.

Next, in the case of FIG. 35B, the input impedance Zin at
the edge of the power transmission antenna is “13.1+j1.8Q”.
Accordingly, when the matching correction amount table
indicated in FIG. 34B is searched for the row having an
impedance value nearest thereto, the row having the index
number Idx “9” is selected. In this case, the flag information
If of the row indicating the mode of the matching circuit is
“2”, and the capacitance value C is “412.9 pF”, and the
inductance value L is “247.7 nH”. As illustrated in FIG. 35B,
the value of “1-1S,1>” at the drive frequency “12.947 MHz”
in a case (see graph G43) of no addition of the matching
circuit is 65.7% whereas the value thereof in a case (see
graph G42) that the capacitance value C and the inductance
value [ as mentioned above are applied to the selected
second mode matching circuit 12 is 100.0%. As a result,
improvement, i.e., reduction of the reflection loss, by 34.3%
is achieved due to the addition of the matching circuit.

In this way, the power transmission-side device 1 accord-
ing to the second embodiment stores the matching correction
amount tables each corresponding to a different coupling
coeflicient k between the power transmission antenna 3 and
the power reception antenna 5 on the storage unit 25, and
calculates the reflection coefficient estimation value ke to
select the matching correction amount table to be used.
Thereafter, the power transmission-side device 1 specifies
the input impedance Zin at the edge of the power transmis-
sion antenna. Thereby, it is possible to automatically and
promptly construct a proper matching circuit at one-time
processing.

[Matching-State Tracking Operation]

Next, a description will be given of the matching-state
tracking operation according to the second embodiment. The
operation is executed for keeping the matching state after the
first completion of the impedance matching process.

First, a description will be given of the necessity of the
matching-state tracking operation. It is hereinafter assumed
that for the purpose of the rated electric power transmission
in a state that the power transmission antenna 3 and the
power reception antenna 5 are placed to face each other, the
matching circuit has already been configured to be most
suitable for the input impedance Zin depending on the
coupling state between the power transmission antenna 3
and the power reception antenna 5 and the value RL of the
load 6 of the power reception-side device 4 through the
execution of the automatic matching operation (this opera-
tion is generally executed in a state that the output is
narrowed down). In this case, the power transmission circuit
2 proceeds with the rated electric power transmission. Here,
it is supposed that the value RL of the load 6 of the power
reception-side device 4 is changed during the electric power
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transmission in the matching state. Generally, when a
lithium ion battery mounted on an electric vehicle is
charged, the charge process is executed while the operation
mode such as a constant current mode, a constant voltage
mode, and a constant electric power mode is switched. In
this case, the load value could vary depending on the amount
of charge of the battery, so it is necessary to assume the
variation of the load in such an application. If the value RL
of'the load 6 of the power reception-side device 4 varies, the
input impedance Zin at the edge of the power transmission
antenna becomes different from the value set by the previous
matching process of the automatic matching operation. As a
result, the mismatch thereof happens again. In this case,
there is a necessity of prompt detection of the mismatch
from the matching state and another matching process with
respect to the changed input impedance Zin. In consider-
ation of the above fact, the matching-state tracking operation
according to the second embodiment tracks the variation of
the value RL of the load 6 of the power reception-side device
4, and properly determines the mode of the matching circuit
and the control value Tc to be applied to the matching circuit
thereby to keep the matching state.

Next, a description will be given of the matching-state
tracking operation. In the matching-state tracking operation,
as with the automatic matching operation, the locus (see
FIGS. 6A to 6C) of the input impedance Zin at the edge of
the power transmission antenna in a condition that the value
RL of the load 6 is changed is also used. Each of the loci of
the impedance indicated by FIGS. 6 A and 6C is determined
in a state that the value RL of the load 6 of the power
reception-side device 4 is changed while the coupling coef-
ficient k between the power transmission antenna 3 and the
power reception antenna 5 is fixed, and these loci of the
impedance are used in the second embodiment.

If the coupling coeflicient k between the power transmis-
sion antenna 3 and the power reception antenna 5 is not
changed, the input impedance Zin at the edge of the power
transmission antenna exists on the locus of the impedance
indicated by FIGS. 6A to 6C. The mode of the matching
circuit and the control value Tc to be applied to the matching
circuit which are necessary in order to match a impedance on
the locus of the impedance are included in the matching
correction amount table prepared per coupling coefficient k
as illustrated in FIGS. 34A to 34C. Thus, in the matching-
state tracking operation executed after becoming the first-
time matching state, the power transmission-side device 1
only has to change the row (i.e., index number Idx) of the
matching correction amount table to be applied by continu-
ously referring to the matching correction amount table used
in the automatic matching operation.

In consideration of the fact, regarding the matching-state
tracking operation, the power transmission-side device 1
detects in which direction, either the left or the right (the
load becomes large as the position shifts to the left and
becomes smaller as the position shifts to the right), the
matching state corresponding to a particular impedance
shifts on the locus of the impedance indicated by FIGS. 6A
to 6C. Namely, the power transmission-side device 1 detects
whether the matching state shifts on either the upper side or
the downside (the load becomes large as the position shifts
toward the downside and becomes small as the position
shifts toward the upper side) from the presently-used row of
the matching correction amount table. Then, the power
transmission-side device 1 changes the configuration of the
matching circuit toward the proper direction. As indicated
above, in the matching correction amount tables stored on
the storage unit 25, the index numbers Idx are sequential
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serial numbers, and the larger the impedance value (load) of
a row is, the larger index number 1dx is allocated to the row
as illustrated in FIGS. 34A to 34C.

(Readout Direction Determination Method)

Hereinafter, a description will be given of the method of
determining in which direction the matching state shifts, the
direction where the load becomes larger or the direction
where the load becomes smaller. The process is executed by
the phase difference calculation/determination unit 16 and
the adjustment direction determination unit 18.

First, with reference to FIGS. 36A to 36C, a description
will be given of the relationship between the waveform of
the incident wave voltage and the waveform of the reflective
wave voltage in the case that the coupling strength shifts
toward the direction where the load becomes larger.

Concretely, FIG. 36A illustrates the waveform of the
incident wave voltage and the waveform of the reflective
wave voltage in a case that the coupling coefficient k is
“0.030” and that the value RL of the load 6 becomes larger
in steps as “100”, “200” and “400” after matching the
impedance in a condition that the value RL of the load 6 is
“50Q”.

FIG. 36B illustrates the waveform of the incident wave
voltage and the waveform of the reflective wave voltage in
a case that the coupling coefficient k is “0.064” and that the
value RL of the load 6 becomes larger in steps as “1007,
“200” and “400” after matching the impedance in a condi-
tion that the value RL of the load 6 is “50€2™.

FIG. 36C illustrates the waveform of the incident wave
voltage and the waveform of the reflective wave voltage in
a case that the coupling coefficient k is “0.120” and that the
value RL of the load 6 becomes larger in steps as “1007,
“200” and “400” after matching the impedance in a condi-
tion that the value RL of the load 6 is “500”.

Next, FIGS. 37A to 37C illustrates the relationship
between the waveform of the incident wave voltage and the
waveform of the reflective wave voltage in a case that the
load shifts toward the direction where the load becomes
smaller.

Concretely, FIG. 37A illustrates the waveform of the
incident wave voltage and the waveform of the reflective
wave voltage in a case that the coupling coefficient k is
“0.030” and that the value RL of the load 6 becomes smaller
in steps as “40Q~, “25Q” and “10Q” after matching the
impedance in a condition that the value RL of the load 6 is
“50Q”.

FIG. 37B illustrates the waveform of the incident wave
voltage and the waveform of the reflective wave voltage in
a case that the coupling coefficient k is “0.064” and that the
value RL of the load 6 becomes smaller in steps as “40Q”,
“25€Q” and “10Q” after matching the impedance in a con-
dition that the value RL of the load 6 is “50€2™.

FIG. 37C illustrates the waveform of the incident wave
voltage and the waveform of the reflective wave voltage in
a case that the coupling coefficient k is “0.120” and that the
value RL of the load 6 becomes smaller in series as “40£2”,
“25€2” and “10€2” after the matching at the time when the
value RL of the load 6 is “50€2”.

As illustrated in FIGS. 36A to 36C, when the value RL of
the load 6 shifts in the direction where the it becomes larger
after once having the impedance matched, the phase of the
reflective wave voltage Vr is preceding the phase of the
incident wave voltage V1. In contrast, as illustrated in FIGS.
37A to 37C, when the load 6 shifts in the direction where the
it becomes smaller after once having the impedance
matched, the phase of the reflective wave voltage Vr lags
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behind the phase of the incident wave voltage V{. These
relationships concerning the phases can be applied to any
coupling coefficient k.

In consideration of the above fact, the power transmis-
sion-side device 1 continues to monitor the phase relation-
ship between the incident wave voltage Vf and the reflective
wave voltage Vr after the first matching process, and it
determines that the value RL of the load 6 becomes larger if
the phase of the reflective wave voltage Vr is preceding the
phase of the incident wave voltage Vf. In this case, with
reference to the row existing in such a direction that the
value RL of the load 6 (the index Idx) becomes larger in the
matching correction amount table, i.e., the row existing in
the downward direction with respect to the present row in
the matching correction amount table, the power transmis-
sion-side device 1 applies the control value Tc in the
reference row to the matching circuit indicated by the flag
information If in the reference row.

In contrast, the power transmission-side device 1 deter-
mines that the value RL of the load 6 becomes smaller if the
phase of the reflective wave voltage Vr lags behind the phase
of the incident wave voltage VT. In this case, with reference
to the row existing in such a direction that the load value (the
index Idx) becomes smaller in the matching correction
amount table, i.e., the row existing in the upward direction
with respect to the present row in the matching correction
amount table, the power transmission-side device 1 applies
the control value Tc in the reference row to the matching
circuit indicated by the flag information If in the reference
row.

By executing such a process, the power transmission-side
device 1 can keep the matching state even if the input
impedance Zin at the edge of the power transmission
antenna varies due to the change of the value RL of the load
6 connected to the power reception-side device 4. Prefer-
ably, as with the first embodiment, the power transmission-
side device 1 continues to monitor the reflection coefficient
absolute value II'l at all times after the first matching
process. Then, if the reflection coefficient absolute value IT'l
is equal to or smaller than the threshold I, the power
transmission-side device 1 does not perform the above-
mentioned matching-state tracking operation. In contrast, if
the reflection coeflicient absolute value II'l is larger than the
threshold [T, the power transmission-side device 1 iden-
tifies the phase relationship between the incident wave
voltage V1 and the reflective wave voltage Vr, and changes
the configuration of the matching circuit by changing the
row to be used in the matching correction amount table.
Thereby, the power transmission-side device 1 can keep the
reflection coefficient absolute value II'l equal to or smaller
than the threshold II'l,,, at all times, and suppress the
reflection loss.

Next, with reference to FIGS. 38A to 40B, a description
will be given of an example of the matching-state tracking
operation in a case that the coupling coefficient k is “0.07”.
Each example indicated by FIGS. 38A to 40B illustrates a
case of the mismatch caused by the transition of the value
RL of the load 6 from “30Q” to “10Q” after the first
matching process by referring to the row corresponding to
the index Idx “4” illustrated in FIG. 34B. Concretely, FIG.
38A indicates a graph of “1-IS,,|*” just after the matching
process in a state that the value RL of the load 6 is “30£2”.
FIG. 38B indicates graphs of the waveform of the incident
wave voltage and the waveform of the reflective wave
voltage at the drive frequency in the case of FIG. 38A. FIG.
39A indicates a graph of “1-IS,,1?” in a state that the value
RL of the load 6 varies from “30Q” to “10€2” after the
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matching process. FIG. 39B indicates graphs of the wave-
form of the incident wave voltage and the waveform of the
reflective wave voltage at the drive frequency in the case of
FIG. 39A. FIG. 40A indicates a graph of the value
“1-IS,,1*” after execution of the matching-state tracking
operation. FIG. 40B indicates graphs of the waveform of the
incident wave voltage and the waveform of the reflective
wave voltage at the drive frequency in the case of FIG. 40A.

As illustrated in FIGS. 38A and 38B, just after the
automatic matching operation is performed in the initial
state at the drive frequency “12.947 MHz”, almost 100% of
the electric power is inputted to the power transmission
antenna 3 and the level of the reflective wave is also low. At
that time, the selected index number Idx in the matching
correction amount table is “4”. When the configuration of
the matching circuit is unchanged and the value RL of the
load 6 is changed to “100”, the level of the reflective wave
increases due to recurrence of mismatch, and the value
“1-IS,,1*” decreases to 77% as indicated by FIGS. 39A and
39B.

In this case, on the basis of the phase relationship between
the incident wave voltage Vf and the reflective wave voltage
Vr, the power transmission-side device 1 detects the change
of the value RL of the load 6. Concretely, the power
transmission-side device 1 determines that the value RL of
the load 6 becomes smaller due to the phase delay of the
reflective wave voltage Vr with respect to the incident wave
voltage V1. Thus, in this case, on the basis of the row
existing in such a direction that the value RL of the load 6
becomes smaller in the matching correction amount table,
i.e., the row of the index number Idx “1” smaller than the
presently-used index number Idx “4”, the power transmis-
sion-side device 1 updates the configuration of the matching
circuit. Accordingly, as illustrated in FIGS. 40A and 40B,
the power transmission-side device 1 becomes the matching
state again.

The determination method of the step width Widx is the
same as the first embodiment, so the explanation thereof will
be omitted.

[Process Flow]

Next, a description will be given of a procedure of the
process according to the second embodiment. Hereinafter,
after the explanation of the procedure of the process of the
automatic matching operation with reference to “fifth flow”
in FIG. 41 and “sixth flow” in FIG. 42, a description will be
given of the procedure of the process of the matching-state
tracking operation with reference to “seventh flow” illus-
trated in FIG. 43.

(Fifth Flow)

FIG. 41 is a flowchart indicating a procedure of the
process of the fifth flow executed by the power transmission-
side device 1 in the second embodiment. The power trans-
mission-side device 1 executes the process of the fifth flow
indicated by FIG. 41 at a predetermined timing.

First, the distance sensor 81 of the power transmission-
side device 1 measures the distance between the power
transmission antenna 3 and the power reception antenna 5
(step S501). Then, the distance-to-coupling coefficient con-
version unit 82 of the power transmission-side device 1
estimates the coupling coeflicient k from the measured
distance (step S502). Namely, the distance-to-coupling coef-
ficient conversion unit 82 calculates the reflection coefficient
estimation value ke. Next, the table selection unit 27 of the
power transmission-side device 1 selects the matching cor-
rection amount table corresponding to the reflection coeffi-
cient estimation value ke from a plurality of the matching
correction amount tables stored on the storage unit 25 (step
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S503). Then, the power transmission-side device 1 starts the
automatic matching process corresponding to the fifth flow
in FIG. 42 (step S504).

(Sixth Flow)

FIG. 42 is a flowchart indicating a procedure of the
process of the sixth flow executed by the power transmis-
sion-side device 1 in the second embodiment. The power
transmission-side device 1 executes the process of the sixth
flow indicated by FIG. 42 when proceeding with step S504
of the fifth flow in FIG. 41.

First, the matching circuit selection unit 23 of the power
transmission-side device 1 sets the switch units 13 and 14 to
the through circuit 30, and outputs small electric power from
the power transmission antenna 3 (step S601). Next, the
reflection coefficient calculation unit 17 of the power trans-
mission-side device 1 measures each absolute value of the
incident wave voltage VT and the reflective wave voltage Vr
extracted by the incident-wave/reflective-wave extraction
unit 15 (step S602). The reflection coefficient calculation
unit 17 calculates the reflection coefficient absolute value IT'l
by referring to the equation (1) (step S603).

Next, the power transmission-side device 1 determines
whether or not the reflection coefficient absolute value Il is
equal to or smaller than the threshold IT'l ;. (step S604). If
the power transmission-side device 1 determines that the
reflection coefficient absolute value II'l is equal to or smaller
than the threshold IT'l,,,, (step S604; Yes), the power trans-
mission-side device 1 determines that it has already been in
the matching state and that it does not need any more
matching process. Accordingly, the power transmission-side
device 1 ends the process of the flowchart.

In contrast, if the reflection coeflicient absolute value Tl
is larger than the threshold II'l,,, (step S604; No), the
matching process from step S605 to step S612 is performed.
Concretely, the phase difference calculation/determination
unit 16 firstly measures the phase difference 6 between the
incident wave voltage VT and the reflective wave voltage Vr
according to the equation (2) (step S605). Then, the phase
difference calculation/determination unit 16 or the reflection
coeflicient calculation unit 17 calculates the complex reflec-
tion coefficient I from the reflection coefficient absolute
value II'l and the phase difference 9 (step S606), and
converts the complex reflection coefficient I' to the input
impedance Zin based on the equation (3) (step S607).

Next, the readout position determination unit 24 searches
the matching correction amount table selected according to
the fifth flow for the row having the impedance value nearest
to the calculated input impedance Zin and selects it (step
S608). Then, the readout position determination unit 24
supplies the matching circuit selection unit 23 with the flag
information If of the selected row to let the matching circuit
selection unit 23 determine the matching circuit to be used
(step S609). Furthermore, the control value output unit 26
sets the capacitance value C and the inductance value L of
the selected row as the control value Tc to be used (step
S610). Then, the control value output unit 26 applies the
capacitance value C and the inductance value L. to the
selected matching circuit (step S611). Thereafter, on the
basis of the flag information If, the matching circuit selec-
tion unit 23 connects the switch units 13 and 14 to the
matching circuit to be used (step S612).

(Seventh Flow)

FIG. 43 is a flowchart indicating a procedure of the
process of the seventh flow executed by the power trans-
mission-side device 1 according to the second embodiment.
The power transmission-side device 1 executes the process
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of'the seventh flow illustrated in FIG. 43 just after executing
the process of the sixth flow in FIG. 42.

First, the reflection coeflicient calculation unit 17 of the
power transmission-side device 1 measures each absolute
value of the incident wave voltage Vf and the reflective
wave voltage Vr extracted by the incident-wave/reflective-
wave extraction unit 15 (step S701). Then, the reflection
coeflicient calculation unit 17 calculates the reflection coef-
ficient absolute value II'l by referring to the equation (1)
(step S702).

Next, the power transmission-side device 1 determines
whether or not the reflection coefficient absolute value Il is
equal to or smaller than the threshold IT'l ;. (step S703). If
the power transmission-side device 1 determines that the
reflection coefficient absolute value II'l is equal to or smaller
than the threshold IT'l,,,, (step S703; Yes), the power trans-
mission-side device 1 determines that it has already been in
the matching state and that it does not need any more
matching process. Accordingly, the power transmission-side
device 1 returns the process to step S701.

In contrast, if the reflection coeflicient absolute value IT'|
is larger than the threshold Il ;.. (step S703; No), the phase
difference calculation/determination unit 16 identifies the
phase relationship between the incident wave voltage Vfand
the reflective wave voltage Vr (step S704). Concretely, the
phase difference calculation/determination unit 16 deter-
mines whether or not the phase of the reflective wave
voltage Vr is behind the phase of the incident wave voltage
VT

Then, when the phase difference calculation/determina-
tion unit 16 determines that the phase of the reflective wave
voltage Vr is behind the phase of the incident wave voltage
VT (step S705; Yes), it determines that the state varies in
such a direction that the value RL of the load 6 becomes
smaller. Then, in this case, the adjustment direction deter-
mination unit 18 sets the readout direction of the matching
correction amount table to the direction where the load value
becomes smaller (step S706). In the case of the matching
correction amount tables illustrated in FIGS. 34 A to 34C, the
adjustment direction determination unit 18 sets the readout
direction to the direction where the index number Idx
becomes smaller. Then, the adjustment step width determi-
nation unit 19 determines the step width Widx in accordance
with the reflection coefficient absolute value I1'l (step S707).
For example, on the basis of a predetermined ratio (propor-
tional constant) to be used in the case that the value RL of
the load 6 becomes smaller, the adjustment step width
determination unit 19 determines the step width Widx from
the reflection coefficient absolute value IT'l.

In contrast, when the phase difference calculation/deter-
mination unit 16 determines that the phase of the reflective
wave voltage Vr is preceding the phase of the incident wave
voltage VT (step S705; No), it recognizes that the state is
changed so that the value RL of the load 6 becomes larger.
In this case, the adjustment direction determination unit 18
sets the readout direction of the matching correction amount
table to the direction where the load value becomes larger
(step S708). In the case of the matching correction amount
tables illustrated in FIGS. 34A to 34C, the adjustment
direction determination unit 18 sets the readout direction to
the direction where the index number Idx becomes larger.
Then, the adjustment step width determination unit 19
determines the step width Widx in accordance with the
reflection coefficient absolute value II'l (step S709). For
example, on the basis of a predetermined ratio (proportional
constant) to be used in the case that the load value becomes
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larger, the adjustment step width determination unit 19
determines the step width Widx from the reflection coeffi-
cient absolute value II'l.

After the execution of step S707 or step S709, on the basis
of'the determined readout direction and the step width Widx,
the readout position determination unit 24 specifies the
index number Idx of the row to be read out from the
already-selected matching correction amount table (step
S710). Then, the control value output unit 26 reads out the
capacitance value C and the inductance value L from the row
having the specified index number Idx, and applies these
values to the matching circuit identified by the flag infor-
mation If of the row having the specified index number Idx.
The matching circuit selection unit 23 switches the switch
units 13 and/or 14 based on the above-mentioned flag
information If if necessary (step S711). Then, the power
transmission-side device 1 returns the process back to step
S701.

It is noted that each process at step S707 and step S709 is
not an essential process, and that the power transmission-
side device 1 may omit the process at step S707 and step
S709 if a predetermined value is used as the step width
Widx.

<Modification>

Next, a description will be given of each modification
appropriate for the first embodiment and the second embodi-
ment. Hach modification can be applied to the above-
mentioned first and second embodiments in combination.

(First Modification)

The configuration of the matching circuit to which the
present invention can be applied is not limited to the
configuration illustrated in FIG. 12. The description thereof
will be given with reference to FIGS. 44A and 44B.

FIG. 44A illustrates a matching circuit in a state that the
first mode matching circuit 11 and the second mode match-
ing circuit 12 only share a variable inductor element. The
matching circuit illustrated in FIG. 44A can function as
either the first mode matching circuit 11 or the second mode
matching circuit 12 through switchover of the switch units.
In the same way, the first mode matching circuit 11 and the
second mode matching circuit 12 may share only a variable
capacitor element.

FIG. 44B illustrates a circuit diagram of a matching
circuit including a variable capacitor and a fixed inductor
instead of a variable inductor. The matching circuit illus-
trated in FIG. 44B can function as either the first mode
matching circuit 11 or the second mode matching circuit 12
through switchover of the switch units. Each of the fixed
inductor and the variable capacitor is an example of “the
variable inductor element”. In this way, the present inven-
tion can be preferably embodied even by use of the matching
circuits illustrated in FIGS. 44A and 44B.

In addition, any modifications by which so-called n-type
matching circuit can be configured are included in the
present invention without particular distinction.

(Second Modification)

In the matching correction amount tables illustrated in
FIGS. 19A to 19C and FIGS. 32A to 32C, a pair of the
capacitance value C and the inductance value L are stored as
a control value Tc. Instead of this, a control value Tc for
converting the value of the variable capacitor and the value
of the variable inductor to each predetermined value may be
stored in the matching correction amount table. For
example, when a step motor and a variable condenser are
used to configure a variable capacitor, the voltage for
controlling the motor may be stored in the matching cor-
rection amount table. Instead, bit patterns for controlling a
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switching device may be stored in the matching correction
amount table if the capacitance value C and the inductance
value L are set to each predetermined value by switching a
micro capacitor and a micro inductor to be either the on-state
or the off-state by use of the switching device such as a relay.

(Third Modification)

In the explanation of the section “Matching Correction
Amount Table” in the first embodiment, necessary correc-
tion amounts Al, A2, B1 and B2 are obtained through
theoretical calculation. Instead, the correction amounts Al,
A2, B1 and B2 may be obtained by placing the actual power
transmission antenna 3 and the actual power reception
antenna 5 to face each other and changing the coupling state
thereof.

Also in the explanation of the section “Matching Correc-
tion Amount Table” in the second embodiment, necessary
correction amounts Al, A2, B1 and B2 are obtained through
theoretical calculation. Instead, the correction amounts Al,
A2, B1 and B2 may be obtained by placing the actual power
transmission antenna 3 and the actual power reception
antenna 5 to face each other in a predetermined relative
positional relationship and by changing the value RL of the
load 6 of the power reception-side device 4.

(Fourth Modification)

According to the first embodiment, the load estimation
unit 7 calculates the estimated load value Rl.e prior to the
rated electric power transmission. Instead, if the value RL of
the load of the load 6 of the power reception-side device 4
is determined in advance as a system specification, the
power transmission-side device 1 selects the matching cor-
rection amount table corresponding to the value of the load
6 determined beforehand in the system without calculating
the estimated load value RLe by means of the load estima-
tion unit 7.

Even according to the second embodiment, if the posi-
tional relationship between the power transmission antenna
3 and the power reception antenna 5 is determined in
advance as a system specification, the power transmission-
side device 1 selects the matching correction amount table
corresponding to the coupling coefficient k determined
beforehand in the system without estimation processing of
the coupling coefficient k by the coupling coefficient esti-
mation unit 8.

(Fifth Modification)

The coupling coeflicient estimation unit 8 measures the
distance between the power transmission antenna 3 and the
power reception antenna 5 by the distance sensor 81. The
present invention, however, is not limited thereto. Instead,
the coupling coefficient estimation unit 8 sends a small
signal in a predetermined bandwidth whose center is the
resonant frequency while sweeping the frequency, and cal-
culates frequency characteristics of the reflection coeflicient
(T or S;;) by using the sent signal and the returned signal
reflected from the power transmission antenna 3. Then, the
coupling coefficient estimation unit 8 calculates the reflec-
tion coefficient estimation value ke with reference to a
predetermined map based on the shapes of the calculated
frequency characteristics, i.e., the number of local minimal
peaks, its frequencies, and the absolute value of the reflec-
tion coefficient. Here, the above-mentioned map is a map
indicating coupling coefficients k each corresponding to the
number of local minimal peaks, its frequencies, and the
absolute value of the reflection coefficient regarding the
frequency characteristics of each reflection coefficient. The
map is prepared in advance through experimental trials and



US 9,484,881 B2

51

stored on the memory. Even in this case, preferably, the
coupling coefficient estimation unit 8 can estimate the
coupling coefficient k.

(Sixth Modification)

The power transmission antenna 3 and the power recep-
tion antenna 5 are embodied by use of a series parallel
equivalent circuit. Instead, the power transmission antenna 3
and the power reception antenna 5 may be embodied by use
of a serial resonance equivalent circuit more simplified than
a series parallel equivalent circuit.

(Seventh Modification)

The matching circuit selection unit 23 of the power
transmission-side device 1 selects the matching circuit to be
used based on the flag information If in the matching
correction amount table stored on the storage unit 25.
Instead, the matching circuit selection unit 23 may select the
matching circuit to be used based on the calculated input
impedance Zin.

In this case, for example, the matching circuit selection
unit 23 selects the second mode matching circuit 12 if the
real part (R) of the calculated input impedance Zin or the
real part (Ri) of the impedance value of the row in the
matching correction amount table selected based on the
input impedance Zin is larger than output impedance (i.e.,
impedance value at the matching point) of the power trans-
mission circuit 2. In contrast, the matching circuit selection
unit 23 selects the first mode matching circuit 11 if the real
part (R) or (Ri) is equal to or smaller than the output
impedance.

(Eighth Modification)

According to the first embodiment and the second
embodiment, the through circuit 30 is described as a circuit
capable of being switched by the switch units 13 and 14, and
any matching circuit is not inserted into the circuit. How-
ever, any implementation can be applied to the through
circuit 30 as long as it has the same effect as the implemen-
tation that any matching circuit is not inserted into it. For
example, such an implementation that the variable induc-
tance can be controlled to 0, though it does not have any
actual through circuit for passing through the matching
circuit, in order to have the same effect as the implementa-
tion that any matching circuit is not inserted into the circuit
is equal to the implementation capable of switching to the
through circuit 30 having no matching circuit.

(Tenth Modification)

Each of the configurations of the power transmission-side
device 1 illustrated in FIGS. 12 and 30 is an example, and
configuration to which the present invention can be applied
is not limited to the configurations. For example, if the
power transmission-side device 1 only executes the auto-
matic matching operation and does not need to execute the
matching-state tracking operation, it does not have to have
the adjustment direction determination unit 18 and the
adjustment step width determination unit 19.

(Eleventh Modification)

According to FIG. 12, the load value calculation unit 73
of'the power reception-side device 4 calculates the estimated
load value RLe. Instead, the power transmission-side device
1 may calculate the estimated load value RLe. In this case,
after detecting the voltage and the current of the load 6, the
power reception-side device 4 transmits these values to the
power transmission-side device 1 via communication con-
trol unit 74, and the power transmission-side device 1
calculates the estimated load value RLe based on these
transmitted values.

INDUSTRIAL APPLICABILITY

This invention can be preferably applied to any wireless
electric power transmission system using an electromagnetic
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resonance coupling mode. In addition, this invention can be
preferably applied to various kinds of modes such as a
magnetic coupling mode and an electric field coupling
mode.

BRIEF DESCRIPTION OF REFERENCE
NUMBERS

1 Power transmission-side device

2 Power transmission circuit

3 Power transmission antenna

4 Power reception-side device

5 Power reception antenna

6 Load

7 Load estimation unit

8 Coupling coeflicient estimation unit

11 First mode matching circuit

12 Second mode matching circuit

13 and 14 Switch units

15 Incident-wave/reflective-wave extraction unit

16 Phase difference calculation/determination unit

17 Reflection coefficient calculation unit

18 Adjustment direction determination unit

19 Adjustment step width determination unit

23 Matching circuit selection unit

24 Readout position determination unit

25 Storage unit

26 Control value output unit

27 Table selection unit

The invention claimed is:

1. An impedance matching device included in a wireless
electric power transmission system transmitting electric
power by coupling a power transmission antenna with a
power reception antenna through an electromagnetic field,
the impedance matching device being provided between a
power transmission circuit and the power transmission
antenna, the impedance matching device comprising:

an incident-wave/reflective-wave extraction unit config-
ured to extract incident wave voltage corresponding to
an output signal from the power transmission circuit
and reflective wave voltage corresponding to a signal
reflected from the power transmission antenna;

a phase determination unit configured to compare a phase
of the incident wave voltage to a phase of the reflective
wave voltage to determine which one of the phases is
behind or ahead of the other phase;

a first matching circuit configured to include a variable
inductor element and a variable capacitor element, the
variable inductor element being connected in series
between the power transmission circuit and the power
transmission antenna, the variable capacitor element
being connected in parallel closer to the power trans-
mission antenna than the variable inductor element;

a second matching circuit configured to include a variable
inductor element and a variable capacitor element, the
variable inductor element being connected in series
between the power transmission circuit and the power
transmission antenna, the variable capacitor element
being connected in parallel closer to the power trans-
mission circuit than the variable inductor element;

a through circuit connected in series between the power
transmission circuit and the power transmission
antenna;

a load value estimation unit configured to estimate a value
of a load of a circuit in which the transmitted electric
power is consumed, the circuit being connected to the
power reception antenna;
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a storage unit configured to store tables each associated
with the value of the load, each of the tables previously
storing control values in ascending or descending order
of'a coupling coefficient corresponding thereto between
the power transmission antenna and the power recep-
tion antenna, each of the control values corresponding
to an inductance value and a capacitance value each
needed for matching to a predetermined impedance
value by use of the first matching circuit or the second
matching circuit;

a selection unit configured to select one of the tables
corresponding to the value of the load estimated by the
load value estimation unit;

an adjustment direction determination unit configured to
determine, on a basis of the determination by the phase
determination unit, a direction of a position for reading
out one of the control values from the selected table, the
direction indicating whether to select a control value
corresponding to a larger coupling coefficient than the
coupling coefficient corresponding to the present con-
trol value or to select a control value corresponding to
a smaller coupling coefficient than the coupling coef-
ficient corresponding to the present control value;

a readout position determination unit configured to deter-
mine the position for reading out the control value from
the selected table based on the direction and a prede-
termined step width for shifting the position for reading
out the control value;

a circuit selection unit configured to electrically connect
one of the first matching circuit, the second matching
circuit and the through circuit based on the determined
position; and

a control value output unit configured to output the
control value at the determined position to the circuit
selected by the circuit selection unit.

2. The impedance matching device according to claim 1,

wherein each of the tables previously stores the control
values and flag information in ascending or descending
order of the coupling coeflicient corresponding thereto,
the flag information indicating either the first matching
circuit or the second matching circuit to which each of
the control values is applied, and

wherein the circuit selection unit electrically connect one
of the first matching circuit, the second matching
circuit and the through circuit based on the flag infor-
mation corresponding to the determined position.

3. The impedance matching device according to claim 1,

wherein each of the control values is determined based on
a locus of variation of impedance inputted from the
power transmission circuit to the power transmission
antenna in a condition that coupling state between the
power transmission antenna and the power reception
antenna is changed while the value of the load of the
circuit is fixed.

4. The impedance matching device according to claim 1,

wherein the adjustment direction determination unit deter-
mines the direction to select a control value corre-
sponding to a larger coupling coefficient than the cou-
pling coefficient corresponding to the present control
value if the phase determination unit determines that
the phase of the reflective wave voltage is behind the
phase of the incident wave voltage, and determines the
direction to select a control value corresponding to a
smaller coupling coefficient than the coupling coeffi-
cient corresponding to the present control value if the
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phase determination unit determines that the phase of
the reflective wave voltage is ahead of the phase of the
incident wave voltage.

5. An impedance matching device included in a wireless
electric power transmission system transmitting electric
power by coupling a power transmission antenna with a
power reception antenna through an electromagnetic field,
the impedance matching device being provided between a
power transmission circuit and the power transmission
antenna, the impedance matching device comprising:

an incident-wave/reflective-wave extraction unit config-
ured to extract incident wave voltage corresponding to
an output signal from the power transmission circuit
and reflective wave voltage corresponding to a signal
reflected from the power transmission antenna;

a phase determination unit configured to compare a phase
of the incident wave voltage to a phase of the reflective
wave voltage to determine which one of the phases is
behind or ahead of the other phase;

a first matching circuit configured to include a variable
inductor element and a variable capacitor element, the
variable inductor element being connected in series
between the power transmission circuit and the power
transmission antenna, the variable capacitor element
being connected in parallel closer to the power trans-
mission antenna than the variable inductor element;

a second matching circuit configured to include a variable
inductor element and a variable capacitor element, the
variable inductor element being connected in series
between the power transmission circuit and the power
transmission antenna, the variable capacitor element
being connected in parallel closer to the power trans-
mission circuit than the variable inductor element;

a through circuit connected in series between the power
transmission circuit and the power transmission
antenna;

a coupling coeflicient estimation unit configured to esti-
mate a coupling coefficient between the power trans-
mission antenna and the power reception antenna;

a storage unit configured to store tables each associated
with the coupling coefficient, each of the tables previ-
ously storing control values in ascending or descending
order of a value of a load of a circuit corresponding
thereto, each of the control values corresponding to an
inductance value and a capacitance value each needed
for matching to a predetermined impedance value by
use of the first matching circuit or the second matching
circuit, the circuit being connected to the power recep-
tion antenna and consuming the transmitted electric
power;

a selection unit configured to select one of the tables
corresponding to the coupling coefficient estimated by
the coupling coefficient estimation unit;

an adjustment direction determination unit configured to
determine, on a basis of the determination by the phase
determination unit, a direction of a position for reading
out one of the control values from the selected table, the
direction indicating whether to select a control value
corresponding to a larger value of the load than the
value of the load corresponding to the present control
value or to select a control value corresponding to a
smaller value of the load than the value of the load
corresponding to the present control value;

a readout position determination unit configured to deter-
mine the position for reading out the control value from
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the selected table based on the direction and a prede-
termined step width for shifting the position for reading
out the control value;

a circuit selection unit configured to electrically connect
one of the first matching circuit, the second matching
circuit and the through circuit based on the determined
position; and

a control value output unit configured to output the
control value at the determined position to the circuit
selected by the circuit selection unit.

6. The impedance matching device according to claim 5,

wherein each of the tables previously stores the control
values and flag information in ascending or descending
order of the value of the load corresponding thereto, the
flag information indicating either the first matching
circuit or the second matching circuit to which each of
the control values is applied, and

wherein the circuit selection unit electrically connect one
of the first matching circuit, the second matching
circuit and the through circuit based on the flag infor-
mation corresponding to the determined position.

7. The impedance matching device according to claim 5,

wherein each of the control values is determined based on
a locus of variation of impedance inputted from the
power transmission circuit to the power transmission
antenna in a condition that the value of the load of the
circuit is changed while the coupling coefficient
between the power transmission antenna and the power
reception antenna is fixed.

8. The impedance matching device according to claim 5,

wherein the adjustment direction determination unit deter-
mines the direction to select a control value corre-
sponding to a smaller value of the load than the value
of the load corresponding to the present control value
if the phase determination unit determines that the
phase of the reflective wave voltage is behind the phase
of the incident wave voltage, and determines the direc-
tion to select a control value corresponding to a larger
value of the load than the value of the load correspond-
ing to the present control value if the phase determi-
nation unit determines that the phase of the reflective
wave voltage is ahead of the phase of the incident wave
voltage.

9. The impedance matching device according to claim 1,

further comprising:

a reflection coefficient calculation unit configured to cal-
culate a reflection-coefficient-absolute-value equiva-
lent value based on the incident wave voltage and the
reflective wave voltage, the reflection-coefficient-ab-
solute-value equivalent value indicating an absolute
value of the reflection coefficient or a value equivalent
thereto; and

a step width determination unit configured to determine
the step width based on the reflection-coefficient-ab-
solute-value equivalent value.

10. The impedance matching device according to claim 1,

further comprising:

a reflection coefficient calculation unit configured to cal-
culate a reflection-coefficient-absolute-value equiva-
lent value based on the incident wave voltage and the
reflective wave voltage, the reflection-coefficient-ab-
solute-value equivalent value indicating an absolute
value of the reflection coefficient or a value equivalent
thereto,

wherein the phase determination unit determines which
one of the phases is behind or ahead of the other phase
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only when the reflection-coefficient-absolute-value
equivalent value is larger than a predetermined value.

11. The impedance matching device according to claim 1,

wherein the control value is quantized such that the larger
an absolute value of a reflection coefficient is, the
shorter the quantizing interval becomes.

12. A control method executed by an impedance matching
device included in a wireless electric power transmission
system transmitting electric power by coupling a power
transmission antenna with a power reception antenna
through an electromagnetic field, the impedance matching
device being provided between a power transmission circuit
and the power transmission antenna, the impedance match-
ing device comprising:

a first matching circuit configured to include a variable
inductor element and a variable capacitor element, the
variable inductor element being connected in series
between the power transmission circuit and the power
transmission antenna, the variable capacitor element
being connected in parallel closer to the power trans-
mission antenna than the variable inductor element;

a second matching circuit configured to include a variable
inductor element and a variable capacitor element, the
variable inductor element being connected in series
between the power transmission circuit and the power
transmission antenna, the variable capacitor element
being connected in parallel closer to the power trans-
mission circuit than the variable inductor element;

a through circuit connected in series between the power
transmission circuit and the power transmission
antenna; and

a storage unit configured to store tables each associated
with a value of a load of a circuit, each of the tables
previously storing control values in ascending or
descending order of a coupling coefficient correspond-
ing thereto between the power transmission antenna
and the power reception antenna, each of the control
values corresponding to an inductance value and a
capacitance value each needed for matching to a pre-
determined impedance value by use of the first match-
ing circuit or the second matching circuit, the circuit
being connected to the power reception antenna and
consuming the transmitted electric power;

the control method comprising:

an incident-wave/reflective-wave extraction process for
extracting incident wave voltage corresponding to an
output signal from the power transmission circuit and
reflective wave voltage corresponding to a signal
reflected from the power transmission antenna;

a phase determination process for comparing a phase of
the incident wave voltage to a phase of the reflective
wave voltage to determine which one of the phases is
behind or ahead of the other phase;

a load value estimation process for estimating the value of
the load;

a selection process for selecting one of the tables corre-
sponding to the value of the load estimated through the
load value estimation process;

an adjustment direction determination process for deter-
mining, on a basis of the determination through the
phase determination process, a direction of a position
for reading out one of the control values from the
selected table, the direction indicating whether to select
a control value corresponding to a larger coupling
coefficient than the coupling coefficient corresponding
to the present control value or to select a control value
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corresponding to a smaller coupling coefficient than the
coupling coefficient corresponding to the present con-
trol value;

a readout position determination process for determining
the position for reading out the control value from the
selected table based on the direction and a predeter-
mined step width for shifting the position for reading
out the control value;

a circuit selection process for electrically connecting one
of the first matching circuit, the second matching
circuit and the through circuit based on the determined
position; and

a control value output process for outputting the control
value at the determined position to the circuit selected
through the circuit selection process.

13. A control method executed by an impedance matching
device included in a wireless electric power transmission
system transmitting electric power by coupling a power
transmission antenna with a power reception antenna
through an electromagnetic field, the impedance matching
device being provided between a power transmission circuit
and the power transmission antenna, the impedance match-
ing device comprising:

a first matching circuit configured to include a variable
inductor element and a variable capacitor element, the
variable inductor element being connected in series
between the power transmission circuit and the power
transmission antenna, the variable capacitor element
being connected in parallel closer to the power trans-
mission antenna than the variable inductor element;

a second matching circuit configured to include a variable
inductor element and a variable capacitor element, the
variable inductor element being connected in series
between the power transmission circuit and the power
transmission antenna, the variable capacitor element
being connected in parallel closer to the power trans-
mission circuit than the variable inductor element;

a through circuit connected in series between the power
transmission circuit and the power transmission
antenna; and

a storage unit configured to store tables each associated
with a coupling coefficient between the power trans-
mission antenna and the power reception antenna, each
of the tables previously storing control values in
ascending or descending order of a value of a load of
a circuit corresponding thereto, each of the control
values corresponding to an inductance value and a
capacitance value each needed for matching to a pre-
determined impedance value by use of the first match-
ing circuit or the second matching circuit, the circuit
being connected to the power reception antenna and
consuming the transmitted electric power;

the control method comprising:

an incident-wave/reflective-wave extraction process for
extracting incident wave voltage corresponding to an
output signal from the power transmission circuit and
reflective wave voltage corresponding to a signal
reflected from the power transmission antenna;

a phase determination process for comparing a phase of
the incident wave voltage to a phase of the reflective
wave voltage to determine which one of the phases is
behind or ahead of the other phase;

a coupling coefficient estimation process for estimating
the coupling coefficient;

a selection process for selecting one of the tables corre-
sponding to the coupling coefficient estimated through
the coupling coefficient estimation process;
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an adjustment direction determination process for deter-
mining, on a basis of the determination through the
phase determination process, a direction of a position
for reading out one of the control values from the
selected table, the direction indicating whether to select
a control value corresponding to a larger value of the
load than the value of the load corresponding to the
present control value or to select a control value
corresponding to a smaller value of the load than the
value of the load corresponding to the present control
value;

a readout position determination process for determining
the position for reading out the control value from the
selected table based on the direction and a predeter-
mined step width for shifting the position for reading
out the control value;

a circuit selection process for electrically connecting one
of the first matching circuit, the second matching
circuit and the through circuit based on the determined
position; and

a control value output process for outputting the control
value at the determined position to the circuit selected
through the circuit selection process.

14. The impedance matching device according to claim 2,

wherein each of the control values is determined based on
a locus of variation of impedance inputted from the
power transmission circuit to the power transmission
antenna in a condition that coupling state between the
power transmission antenna and the power reception
antenna is changed while the value of the load of the
circuit is fixed.

15. The impedance matching device according to claim 2,

wherein the adjustment direction determination unit deter-
mines the direction to select a control value corre-
sponding to a larger coupling coefficient than the cou-
pling coefficient corresponding to the present control
value if the phase determination unit determines that
the phase of the reflective wave voltage is behind the
phase of the incident wave voltage, and determines the
direction to select a control value corresponding to a
smaller coupling coefficient than the coupling coeffi-
cient corresponding to the present control value if the
phase determination unit determines that the phase of
the reflective wave voltage is ahead of the phase of the
incident wave voltage.

16. The impedance matching device according to claim 3,

wherein the adjustment direction determination unit deter-
mines the direction to select a control value corre-
sponding to a larger coupling coefficient than the cou-
pling coefficient corresponding to the present control
value if the phase determination unit determines that
the phase of the reflective wave voltage is behind the
phase of the incident wave voltage, and determines the
direction to select a control value corresponding to a
smaller coupling coefficient than the coupling coeffi-
cient corresponding to the present control value if the
phase determination unit determines that the phase of
the reflective wave voltage is ahead of the phase of the
incident wave voltage.

17. The impedance matching device according to claim 6,

wherein each of the control values is determined based on
a locus of variation of impedance inputted from the
power transmission circuit to the power transmission
antenna in a condition that the value of the load of the
circuit is changed while the coupling coefficient
between the power transmission antenna and the power
reception antenna is fixed.
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18. The impedance matching device according to claim 6,
wherein the adjustment direction determination unit deter-
mines the direction to select a control value corre-
sponding to a smaller value of the load than the value
of the load corresponding to the present control value
if the phase determination unit determines that the
phase of the reflective wave voltage is behind the phase
of the incident wave voltage, and determines the direc-
tion to select a control value corresponding to a larger

value of the load than the value of the load correspond- 10

ing to the present control value if the phase determi-
nation unit determines that the phase of the reflective
wave voltage is ahead of the phase of the incident wave
voltage.

19. The impedance matching device according to claim 7,

wherein the adjustment direction determination unit deter-
mines the direction to select a control value corre-
sponding to a smaller value of the load than the value
of the load corresponding to the present control value
if the phase determination unit determines that the
phase of the reflective wave voltage is behind the phase

15

20

60

of the incident wave voltage, and determines the direc-
tion to select a control value corresponding to a larger
value of the load than the value of the load correspond-
ing to the present control value if the phase determi-
nation unit determines that the phase of the reflective
wave voltage is ahead of the phase of the incident wave
voltage.

20. The impedance matching device according to claim 2,
further comprising:
a reflection coefficient calculation unit configured to cal-

culate a reflection-coefficient-absolute-value equiva-
lent value based on the incident wave voltage and the
reflective wave voltage, the reflection-coefficient-ab-
solute-value equivalent value indicating an absolute
value of the reflection coefficient or a value equivalent
thereto; and

a step width determination unit configured to determine

the step width based on the reflection-coefficient-ab-
solute-value equivalent value.
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